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primitive known ant species. Two specimens, including this one, 
were found in amber in a New Jersey deposit of 
mid-Cretaceous age. They provide a link between 

the tiphiid wasps and the most primitive known living ants 
(photograph courtesy of Frank M. Carpenter). 
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The Insect Societies 


1 Introduction: The Importance of Social Insects 


Why do we study these insects? Because, together with 
man, hummingbirds, and the bristlecone pine, they are 
among the great achievements of organic evolution. Their 
social organization—far less than man’s because of the 
feeble intellect and absence of culture, of course, but far 
greater in respect to cohesion, caste specialization, and 
individual altruism—is nonpareil. The biologist is invited 
to consider insect societies because they best exemplify 
the full sweep of ascending levels of organization, from 
molecule to society. Among the tens of thousands of 
species of wasps, ants, bees, and termites, we witness the 
employment of social design to solve ecological problems 
ordinarily dealt with by single organisms. The insect 
colony is often called a superorganism because it displays 
so many social phenomena that are analogous to the 
physiological properties of organs and tissues. Yet the 
holistic properties of the superorganism stem in a 
straightforward behavioral way from the relatively crude 
repertories of individual colony members, and they can 
be dissected and understood much more easily than the 
molecular basis of physiology. 

A second reason for singling out social insects is their 
ecological dominance on the land. In most parts of the 
earth ants in particular are among the principal predators 
of other invertebrates. Their colonies, rooted and peren- 
nial like woody plants, send out foragers which comb 
the terrain day and night. Their biomass and energy 
consumption exceed those of vertebrates in most terrestrial 
habitats. Social insects are especially prominent in the 
tropics. In the seventeenth century Portuguese settlers 
called ants the “king of Brazil,” and later travelers referred 
to them with such phrases as “the actual owners of the 
Amazon Valley” and “the real conquerors of Brazil.” 


Brazil, it was claimed, is “one great ants’ nest.” Similar 
impressions are invariably gained from other tropical 
countries. Ants in fact are so abundant that they replace 
earthworms as the chief earth movers in the tropics 
(Branner, 1910). Recent research has shown they are 
nearly as important as earthworms in cold temperate 
forests as well; in one locality in Massachusetts they bring 
50 grams of soil to the surface per square yard each year 
and add one inch to the topsoil every 250 years (Lyford, 
1963). Termites are among the chief decomposers of dead 
wood and such cellulose detritus as leaf litter and humus 
in the tropics, and they, too, contribute significantly to the 
turning of the soil. 

When considering ecology, it is useful to think of an 
insect colony as a diffuse organism, weighing anywhere 
from less than a gram to as much as a kilogram and 
possessing from about a hundred to a million or more tiny 
mouths. It is an animal that forages ameba-like over fixed 
territories a few square meters in extent. A colony of the 
common European ant Tetramorium caespitum, for exam- 
ple, contains an average of about 10,000 workers who 
weigh 6.5 g in the aggregate and control 40 m? of ground 
(Brian et al., 1967). The average colony of the American 
harvester ant Pogonomyrmex badius contains 5,000 
workers who together weigh 40 g and patrol tens of square 
meters. The giant of all such “superorganisms” is a colony 
of the African driver ant Anomma wilverthi, which may 
contain as many as 22 million workers weighing a total 
of over 20 kg. During the statary phase of their cycle, 
columns of this species regularly patrol an area of between 
40,000 and 50,000 m? in extent (Raignier and van Boven, 
1955). When all of the resident ant populations are 
counted, the statistics are even more impressive. In Mary- 
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land, a single population of the mound-building ant For- 
mica exsectoides comprised 73 nests covering an area of 
10 acres and containing approximately 12 million workers 
(Cory and Haviland, 1938). Since individual workers of 
this rather large species weigh 11.6 + 0.13 mg (Dreyer, 
1942), the total population weighed about 100 kg, and this 
was only one of many ant species inhabiting the same 
area, albeit the most abundant one. Termites have colonies 
of similar magnitudes, and in tropical habitats their pop- 
ulations approach densities comparable to those of ants. 
The savannas of Africa are dotted with great mounds of 
the fungus-growing macrotermitines, some 5 to 20 feet or 
more in height and containing 2 million workers. The 
mother of each colony is a grotesquely fattened queen 
weighing in excess of 10 g. 

These superlatives can be made because of an adaptive 
radiation that took place for the most part between 50 
and 100 million years ago in each of the major groups of 
social insects. In the social wasps, the ants, the social bees, 
and the termites, evolutionary convergence has resulted in 
the repeated appearance of the same basic design features: 
the systems of castes and labor roles changing according to 
age; the elaborate systems of chemical communication 
that typically include signals for alarm, recruitment, and 
recognition; the elaboration of nest structure to enhance 
temperature and humidity control; and others. One crite- 
rion of adaptive radiation that I use half seriously when 
thinking about evolution is: a group of species sharing 
common descent can be said to have truly radiated if one 
or more species is a specialized predator on the others. 
Ants have achieved this level with some distinction. Many 
of the army ants (subfamily Dorylinae) feed primarily on 
ants and other social insects, while all of the Cera- 
pachyinae so far investigated feed entirely on ants. Among 
the bees, the meliponine Lestrimelitta limao specializes in 
robbing other meliponine species, while the large wasp 
Vespa deusta preys largely on colonies of the wasp genera 
Ropalidia and Stenogaster. Social parasitism, in which one 
species lives inside the nests of another and in some cases 
receives food and care unilaterally, occurs in all four of 
the major groups of social insects. It is tempting to specu- 
late (and perhaps impossible to prove) that the social 
insects as a whole have employed all, or nearly all, of the 
social strategies permissible within the limits imposed by 
the arthropod brain and the peculiarities of their colonial 
system. 

This book is an attempt to provide a modern synthesis 


2 Introduction: The Importance of Social Insects 


of insect sociology. The last attempts at a comprehensive 
treatment, not counting popular reviews, were W. M. 
Wheeler’s classic The Social Insects (1928) and Franz 
Maidl’s excellent but nearly forgotten Die Lebensgewohn- 
heiten und Instinkte der staatenbildenden Insekten (1934). 
Not only has the literature on the subject increased 
enormously (to about 7,000 articles on termites alone, for 
example, and 12,000 on ants), but a whole new way of 
studying insect societies has also been created. I refer to 
the experimental and statistical analysis of insect colonies 
as populations. We are at last beginning to understand 
the physiological basis of caste determination, the nature 
of communication among workers, the principle of a 
queen’s control over the rest of the colony, the means by 
which social parasites penetrate the heart of the colony 
communication system, the factors that limit colony 
growth, and the stimuli that pace the life cycle. Further- 
more, we are molding the rudiments of true evolutionary 
theories of sociality through which explanations can be 
supplied for the presence of the underlying physiological 
phenomena in terms of maximal efficiency and fitness at 
the colony level. The present status of insect sociology can 
be made clearer by recognizing three stages in its historical 
development. 

The natural history phase. The discovery and description 
of the social insects and the cataloging and evolutionary 
interpretation of their behavior and ecology were the 
unavoidable first steps. This phase, a necessary precursor 
to succeeding developments, is far from completed. The 
natural history of the Halictidae, the group containing 
most of the species of social bees, to take one of many 
examples, is still in an early period of exploration. 

The physiological phase. The experimental analysis of 
the social systems and their physiological bases constituted 
the logical next step. This approach to the subject gained 
its first solid impetus with the work of von Frisch on 
honeybees in the 1920’s. It is currently being applied 
vigorously to such diverse topics as caste determination, 
food exchange, communication, circadian activity, nest 
micrometeorology, and many others. 

The population-biology phase. With the first two ap- 
proaches now yielding much solid information, it has 
become possible to commence the construction of a new 
and more rigorous theory of social evolution. This theory 
does not consist solely of phylogenetic reconstructions in 
the nineteenth-century manner. It also attempts to account 
for social phenomena in terms of the first principles of 


Chapter 1 


population genetics and population ecology. Relying on 
the use of mathematical models in the fashion of the 
hypothetico-deductive method of any mature science, it 
predicts the existence of still undiscovered phenomena 
and relations among phenomena, it establishes quanti- 
tative laws to describe the underlying processes, and it 
suggests the best ways to measure and describe complex 
systems. This approach has only begun to be applied to 
a few subjects such as the origin of sociality and the 
determination of caste ratios, and I have tried to exemplify 
it in Chapters 17, 18, and 21. 


3 Introduction: The Importance of Social Insects 


In this book an attempt is made not only to review, in 
an objective and straightforward manner, the substance 
of insect sociology but also to create a theme in which 
the relationships of the three historical phases are made 
clear. Exploration along all three approaches will continue 
indefinitely to yield exciting discoveries. In time all of this 
information will be assembled within the framework of 
population biology and form an important branch of that 
larger science. A principal theme of this book is, therefore, 
the expression of insect sociology as population biology. 


Now what delight can greater be 
Then secrets for to knowe, 
Of Sacred Bees, the Muses Birds, 
All of which this booke doth shew. 
And if commodity thou crave, 
Learne here no little gaine 
Of their most sweet and sov’raigne fruits, 
With no great cost or paine. 
If pleasure then, or profit may 
To read induce thy minde; 
In this smale treatise choice of both, 
Good Reader, thou shalt finde. 


Charles Butler, 


The Feminine Monarchie (1609) 


2 The Degrees of Social Behavior 


The “truly” social insects, or eusocial insects as they are 
sometimes more technically labeled, include ants, all 
termites, and the more highly organized bees and wasps. 
These insects can be distinguished as a group by their 
common possession of three traits: individuals of the same 
species cooperate in caring for the young; there is a re- 
productive division of labor, with more or less sterile 
individuals working on behalf of fecund individuals; and 
there is an overlap of at least two generations in life stages 
capable of contributing to colony labor, so that offspring 
assist parents during some period of their life. These are 
the three qualities by which the majority of entomologists 
intuitively define eusociality. If we bear in mind that it 
is possible for the traits to occur independently of one 
another, we can proceed with a minimum of ambiguity 
to define presocial levels on the basis of combinations of 
two or less of the three traits. Presocial refers to the ex- 
pression of any degree of social behavior beyond sexual 
behavior yet short of eusociality.* Within this broad cate- 
gory there can be recognized a series of lower social stages, 
for which Michener (1969a) has provided the most recent 
and sound classification: 


Solitary—showing none of the three traits listed immedi- 
ately above; 

Subsocial—the adults care for their own nymphs or larvae 
for some period of time; 


* Bequaert (1935) invented the term “presocial” for the narrow cate- 
gory of behavior in which one or both of the parents merely guard the 
offspring temporarily, without providing it with food. This usage has 
not caught on, and Wilson (1966) suggested that the word, which has 
the advantage of being mnemonically superior, is best used in the broad 
sense employed in this book. 


Communal—members of the same generation use the 
same composite nest without cooperating in brood care; 
Quasisocial—members of the same generation use the 
same composite nest and also cooperate in brood care; 
Semisocial—as in quasisocial, but there is also repro- 
ductive division of labor, that is, a worker caste cares for 
the young of the reproductive caste; 

Eusocial—as in semisocial, but there is also an overlap 
in generations so that offspring assist parents. 


In this arrangement, presocial applies to all the interme- 
diate stages between solitary and eusocial. Michener 
(1969a) has introduced yet another term, parasocial, to 
embrace those presocial states in which members of the 
same generation interact—namely, communal, quasiso- 
cial, and semisocial. An agreeable feature of this classi- 
fication is its explicit recognition that the subsocial and 
communal states, while undoubtedly serving as early 
evolutionary steps, contain none of the three intuitive 
criteria of eusociality. The same can be said of aggrega- 
tions, including even those of aphids, lepidopteran larvae, 
and locusts, in which relatively elaborate physiological 
group effects and coordinated swarming occur (Chauvin 
and Noirot, 1968). The system also provides a means of 
making a graphic contrast between the two alternate 
routes to eusociality, the parasocial and the subsocial, 
which most students of the subject believe to have been 
followed in evolution. The logical possibilities framed by 
the terminology are presented in Tables 2-1 and 2-2. Later 
in this book virtually all of these states are demonstrated 
in various groups of insects. In fact, wasps alone exhibit 
most conceivable degrees of both subsocial and parasocial 
behavior, as well as both the extreme solitary and eusocial 
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TABLE 2-1. Degrees of sociality, showing 
intermediate parasocial states. 


Qualities of sociality 


Degrees of Cooperative. Reproductive Overlap between 
sociality brood care castes generations 
Solitary, 

subsocial, and 

communal — _ — 
Quasisocial + — — 
Semisocial + + — 
Eusocial + + + 


states. In later chapters on the social wasps and presocial 
insects (Chapters 3 and 7), the successive stages of parental 
care defined in Table 2-2 will be exemplified in detail. 

Before going on to the documentation of social evolu- 
tion, however, let us quickly review the rather confused 
history of definitions of the expression “social insect.” 
Most authors have used the phrase interchangeably with 
“true social insect,” or eusocial insect as it has just been 
defined. There have been semantic problems, stemming 
almost exclusively from differences in opinion concerning 
the multiple qualities that go into the definition. This basic 
aspect of the problem largely escaped the disputants 
themselves. In essence, one group of writers, starting with 
W. M. Wheeler, incorporated all three of the traits I have 
listed; another, smaller group incorporated only two of 
the traits, omitting the criterion of overlap of generations. 

In his last attempt at a major synthesis, Wheeler (1928) 
defined social insects sensu stricto as those in which 
“progeny are not only protected and fed by the mother, 
but eventually cooperate with her in rearing additional 
broods of young, so that parent and offspring live together 
in an annual or perennial society.” Among the many 
recent authors retaining this usage is Michener (1953b, 
1969a), who uses the definition as the terminological 
cornerstone in his productive writings on the evolution of 
social bees. 

O. W. and Maud J. Richards (1951) evidently tried 
to apply a more flexible definition to the social wasps 
when they stated that “Real social life appears when the 
mother and her offspring (or, less probably, a number of 
sisters) co-operate in making a nest and feeding their 
young. The best criterion is that a wasp should feed a larva 
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laid by another individual or help construct its cell.” Later 
O. W. Richards (1965) eliminated the criterion of overlap 
of generations altogether and made the criterion of repro- 
ductive castes optional: “The term ‘social’ is reserved for 
communities in which there is more than one female, one 
or more usually being sterile, unfertilized and nursing the 
young derived from one or a few of them. The mother 
that actually lays the eggs usually does no other work in 
the mature colony.” Emerson (1959) also omitted the 
criterion of overlap of generations: “True social insects are 
those that live in populations exhibiting division of labor 
for various functions among mature individuals separated 
into reproductive and sterile castes.” In my opinion noth- 
ing is to be gained by broadening the category of true 
social insects. The stricter Wheeler-Michener usage has 
the great advantage of permitting the more finely struc- 
tured classification of presocial states needed to cope with 
the immense amount of new information on social evolu- 
tion now finding its way into the literature. 

Finally, to complete this circle of nomenclature, what 
is a “society”? It is a group of individuals that belong to 
the same species and are organized in a cooperative man- 
ner. I believe that the terms society and social must be 
defined quite broadly in order to prevent the arbitrary 
exclusion of many interesting phenomena. Such exclusion 
would cause confusion in all comparative discussions of 
sociobiology. Not only eusocial insect colonies but also 
most parasocial and subsocial groups should be designated 
as societies and their members as social in the most gen- 
eral sense. The same is true of aggregations of locusts and 
other insects in which organization transcends mere re- 


TABLE 2-2. Degrees of sociality, showing intermediate 
subsocial states. 


Qualities of sociality 


Degrees of Cooperative Reproductive Overlap between 
sociality brood care castes generations 
Primitively 

subsocial _ _ _ 
Intermediate 

subsocial I — — AL 
Intermediate 

subsocial II + — ik 
Eusocial SF + db 


Chapter 2 


productive activity. Reciprocal communication of a co- 
operative nature is the essential intuitive criterion of a 
society. Thus it is difficult to think of an egg, a pupa, or 
even a bee larva sealed into a brood cell as a member 
of the society that produced it, even though it functions 
as a true member at other stages of its development. It 
is also not very satisfying to view the simplest aggregations 
of organisms, such as swarms of courting males, as true 
societies. They may be held together initially by mutually 
attractive stimuli, but if they interact in no other way it 
seems excessive to refer to them by a term stronger than 
aggregation. By the same token a pair of animals in 
courtship can be called a society in the broadest sense but 
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only at the price of diluting the expression to the point 
of uselessness. Bird flocks, wolf packs, locust swarms, and 
groups of communally nesting bees are good examples of 
elementary societies. So are parents and young if they 
communicate reciprocally. This last, extreme example will 
seem to approach the trivial and may be questioned by 
other students of the subject. In my view, however, it is 
appropriately included and is of special interest because 
it calls attention to the important topic of the relation of 
kinship to the evolution of true, organized societies, a 
relation that can be shown to be of the greatest importance 
to the study of social insects and will be examined in some 
depth in later chapters of this book. 


3 The Social Wasps 


In spite of the relatively small number of wasp species 
that are truly social, the study of their behavior has re- 
peatedly yielded results of major interest. Four of the basic 
discoveries of insect sociology—nutritional control of caste 
(Marchal), the use of behavioral characters in studies of 
taxonomy and phylogeny (Ducke), trophallaxis 
(Roubaud), and dominance behavior (Heldmann, 
Pardi)—either originated in wasp studies or were based 
primarily on them. Even more importantly, the living 
species of wasps exhibit in clearest detail the finely divided 
steps that lead from solitary life to advanced eusocial 
states. 

Eusocial behavior in wasps is limited almost entirely 
to the family Vespidae. The only known exception is a 
primitive eusocial organization recently discovered in the 
sphecid Microstigmus comes (Matthews, 1968). In order 
to put these and other social hymenopterans in perspec- 
tive, consider the phylogenetic arrangement given in 
Figure 3-1 of the seven superfamilies of the aculeate 
Hymenoptera. The aculeates, as they are familiarly la- 
beled by entomologists, include the insects referred to as 
“wasps” in the strict sense. Also included in this phylo- 
genetic category are ants (Formicoidea), which are con- 
sidered to have been derived from the scolioid wasp family 
Tiphiidae, and bees (Apoidea), which are considered to 
have originated from the wasp superfamily Sphecoidea. 
The Vespoidea is comprised of three families, the Masari- 
dae, Eumenidae, and Vespidae. These wasps are often 
called the Diploptera because of the extraordinary ability 
of the adults to fold their fore wings longitudinally. The 
trait does not occur in the stenogastrine vespids or in the 
great majority of Masaridae, but its absence there may 
be a derived rather than a primitive characteristic. Ves- 


poids are further distinguished from other wasps by the 
manner in which the combined median vein and radial 
sector slant obliquely upward and outward from the basal 
portion of the fore wing. Most can also be recognized by 
the emarginate (notched) condition of the inner margin 
of each compound eye. 

Most references to the biology of the Vespidae employ 
the classification of Bequaert (1918, 1928), who recognized 
11 subfamilies: Euparagiinae, Gayellinae, Masarinae, 
Raphiglossinae, Zethinae, Eumeninae, Stenogastrinae, 
Polybiinae, Ropalidiinae, Polistinae, and Vespinae. Re- 
cently Richards (1962), on the basis of new morphological 
evidence, reduced the number of subfamilies to 9 and 
split them into 3 families. His arrangement follows the 
phylogeny shown in Figure 3-2 and the checklist of Table 
3-1. 

Of approximately 15,000 living species of aculeate 
wasps believed to occur in the entire world (Hurd, 1955), 
probably less than 1,000 belong to the Vespidae. The 


FORMICOIDEA* APOIDE A* 
SPHECOIDEA* 
POMPILOIDEA 
VESPOIDEA* 
BETHYLOIDE A 
SCOLIOIDEA 


FIGURE 3-1. A simple branching diagram of phylogeny in 
the aculeate Hymenoptera, or “wasps” in the strict sense. An 
asterisk indicates the superfamilies in which eusocial behavior 
has been evolved, probably as at least one independent event 
in each case (modified from Evans, 1958). 
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FIGURE 3-2. Phylogeny of the families and subfamilies of 
the “Diploptera,” or wasp superfamily Vespoidea (modified 
from Richards, 1962). 


species of this family are distinguished by the possession 
of short mandibles that do not cross in the resting position. 
The ranges of most of the principal tribes and genera are 
shown in Figure 3-3. The Stenogastrinae, containing about 
50 species, range from India to New Guinea. The Ves- 
pinae also are centered in southeastern Asia, where about 
50 species are known; 12 species also occur in Europe and 
16 in North America, including our familiar hornets and 
yellow jackets. The Polistinae is the most diversified of 
the subfamilies. The paper wasp genus itself, Polistes, 
occurs over most of the world and, in 1962, was known 
to contain 189 species and 97 subspecies. Among the social 
insects it is rivaled in the extent of this range and in the 
degree of speciation only by several of the largest ant 
genera such as Camponotus and Pheidole. The rest of the 
Polistinae belong to the tribe Polybiini, which is centered 
in South America and contains no less than 300 species 
classified in about 20 genera. Approximately 200 addi- 
tional polybiine species in 4 or 5 genera occur in Africa 
and tropical Asia. 

The species-level taxonomy of the social wasps is only 
moderately well worked out, and some large and incon- 
venient gaps remain. Few comprehensive studies of mod- 
ern vintage exist to which the beginning taxonomist can 
turn: Bequaert (1918) on the Vespidae of central Africa; 
Blüthgen (1961) and Kemper and Dohring (1967) on the 
Vespidae of Europe; van der Vecht (1957) on the Vespinae 
of southeastern Asia and New Guinea; Ducke (1910) on 
the South American Polybiini; Willinck (1952, 1953) on 
the Argentine Polistinae; and Bequaert on the Polybiini 
of North America and the West Indies (1933) and on the 
Vespidae of northern South America (1944a). The Poly- ` 
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TABLE 3-1. Families, subfamilies, and genera of 
vespoid wasps, with an indication of the degree of 
sociality and the distribution of the subfamilies. 


Degrees of 
Division sociality Distribution 


Family Masaridae 
Subfamily Euparagiinae Solitary North America 
(Euparagia) 
- Subfamily Gayellinae Solitary Australia, Mexico 
(Gayella, Paramasaris) to South America 


Subfamily Masarinae Solitary World-wide 
(Celonites, Ceramiopsis, 
Ceramius, Jugurtia, Masaris, 
Metaparagia, Microtrimeria, 
Paragia, Pseudomasaris, 
Quartinia, Quartiniella, 
Quartinioides, Riekia, 
Rolandia, Trimeria) 


Family Eumenidae 

Subfamily Raphiglossinae Solitary Africa 
(Psiloglossa, Raphiglossa) 

Subfamily Discoeliinae Solitary New World tropics, 
(Ctenochilus, Discoelius, Africa, tropical 
Elimus, Labus, Zethus) Asia 

Subfamily Eumeninae Solitary World-wide 
(Ancistrocerus, to subsocial 
Cephalodynerus, 

Dolichodynerus, Eumenes, 
Euodynerus, Hypalastoroides, 
Leptochiloides, Leptochilus, 
Maricopodynerus, 
Microdynerus, Monobia, 
Montezumia, Odynerus, 
Pachodynerus, Pachymenes, 
Pseudepipona, Pseudodynerus, 
Pterocheilus, Stenodynerus, 
Symmorphus) 


Family Vespidae 
Subfamily Stenogastrinae Subsocial Tropical Asia 


(Eustenogaster, Liostenogaster, tocommunal and Australia 
Parischnogaster, Stenogaster) 


Subfamily Polistinae Advanced Primarily Old 
(Apoica, Belonogaster, subsocial and New World 
Brachygastra, Charterginus, to eusocial tropics; Polistes 
Chartergus, Clypearia, ranges to 
Epipona, Leipomeles, Canada and 
Metapolybia, Mischocyttarus, Sweden 


Parachartergus, Parapolybia, 
Polistes, Polybia, Polybioides, 
Protonectarina, Protopolybia, 
Pseudochartergus, 
Pseudopolybia, Ropalidia, 
Stelopolybia, Synoeca, 


Synoecoides) 
Subfamily Vespinae Advanced North Temperate 
(Provespa, Vespa, Vespula) eusocial Zone, tropical Asia 
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biini have been partially revised genus by genus: Ropa- 
lidia, Parapolybia, and Polybioides of the Oriental Region 
(van der Vecht, 1962, 1966); Belonogaster in Africa (du 
Buysson, 1909); and, in the New World, Brachygastra 
(= Nectarina) (Naumann, . 1968), Synoeca (du Buysson, 
1906), Protopolybia (Bequaert, 1944b), Mischocyttarus 
(Richards, 1945; Zikän, 1949), and Apoica (Richards and 
Richards, 1951: 150-158), with additional notes on Po- 
lybia, Chartergus, Charterginus, Pseudochartergus, Pseudo- 
polybia, Epipona, Tatua, and the Nearctic species of Poly- 
biini being supplied by Bequaert (1933, 1938). The Nearc- 
tic Vespula (including Dolichovespula) have been revised 
by Miller (1961). A major remaining task in the taxonomy 
of the social wasps is the analysis of the very large cosmo- 
politan genus Polistes. At present there exists only the 
checklist by Yoshikawa (1962c) and a few local faunistic 
studies such as those of Zimmermann (1930, 1931) and 
Berland (1942) on the European species. A brief history 
of aculeate wasp taxonomy has been provided by Hurd 
(1955). 

The culturing and laboratory study of colonies of social 
wasps have received relatively little attention. Most be- 
havioral work has been concentrated on paper wasps of 
the genus Polistes, which build naked combs in exposed 
sites and can therefore be observed through the entire 
colony life cycle without special preparation. A dispro- 
portionate amount of the remaining effort has been de- 
voted to a few other groups with similar nesting habits, 
notably Belonogaster, Mischocyttarus, and the Stenogas- 
trinae. The Vespinae and many of the more socially 
advanced Polistinae, although abundant and relatively 
accessible, build large carton nests that are difficult to 
penetrate and study without fatally disrupting the societies 
inside. Techniques for this purpose have been devised by 
Gaul (1941), Ishay (1964, 1965), and Montagner (1966). 
The best form of vespiary appears to be a small outdoor 
house in which the observer can sit in darkness and view 
nests constructed by the wasps on the outside of glass 
partitions. 


The Natural History of Paper Wasps 
(Genus Polistes) 


The paper wasp genus Polistes is world-wide, and in 
Europe and North America its colonies outnumber those 
of all other social wasps combined. The life cycles of four 
species have been studied in considerable detail: P. gal- 
licus in Italy by Pardi (1942, 1948, 1951) and Deleurance 
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FIGURE 3-3. Geographical distribution of the social wasps. 
The line for Polybia embraces the ranges of the remainder of 
the more than fifteen highly diverse related genera of Polybiini 
found in South America, but excludes Apoica and Mischocyt- 
tarus (from van der Vecht, 1967). 


(1952a, 1955a,b, 1957), P. fadwigae in Japan by Yoshikawa 
(1962a-d, 1963a-e), and P. fuscatus in the United States 
and P. canadensis in South America by Mary Jane West 
Eberhard (1969). The first three species are quite similar 
in colony history and individual behavior. Published in- 
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FIGURE 3-4. A colony of the paper wasp Polistes fuscatus, 
seen from below. The female in the center is heightening one 
of the cell walls by adding pulp to it. She stands on the central 
group of cells which were constructed at the beginning of the 


nest construction and which are now capped and contain pupae. 


Larvae of gradually decreasing ages occur in progressively 
newer cells located toward the edge of the comb (photograph 
courtesy of Mary Jane West Eberhard). 


formation on other Polistes species, albeit fragmentary, 
suggests that Eberhard’s account of fuscatus can be taken 
as typical for at least the temperate species of the genus. 

P. fuscatus is the familiar and abundant brown paper 
wasp of temperate North America. It is found from 
the southern United States to Chilcotin, British Co- 
lumbia (52° north). Within this exceptionally broad range 
there is much geographic variation, some of which may 
conceal hidden “sibling” species. Bohart (1949), in fact, 
has elevated seven such species from forms previously 
considered varieties. Consequently, the most divergent 
geographic forms, particularly those in Mexico and Cen- 
tral America, may, upon closer examination, prove to be 
distinct species, and conclusions concerning the geo- 
graphic variation of social behavior must be drawn with 
caution. 

In the colder parts of the United States, the only indi- 
viduals to overwinter are the queens. After being fecun- 
dated by the short-lived males in late summer and fall, 
they take refuge in protected places such as the spaces 
between the inner and outer walls of houses, under shin- 
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gles, between boards, and beneath the loose bark of trees. 
In the spring the ovaries begin to develop several weeks 
before nest initiation, and during this time queens often 
aggregate in sunny places. Then, presumably when their 
ovaries reach an advanced stage of development, the 
queens begin to sit alone on old nests and future nest sites, 
where they react aggressively to other females who come 
close. 

Eberhard found that nests in Michigan are usually 
started by a single female. Of 38 nests observed during 
May when they only contained from one to ten cells, 37 
were attended by a single female. A single nest had two 
foundresses when it was less than 24 hours old. However, 
by the time the first brood appears in late June, the ma- 
jority of the foundresses have been joined by from two 
to six auxiliaries—overwintered queens who for some 
reason have not managed to start a nest of their own. 
These individuals are usually subordinate in status and 
reproductive capacity to the foundresses. Their subordi- 
nance is expressed behaviorally in overt ways: the auxili- 
aries assume submissive postures, undertake food- 
gathering flights and regurgitate to the dominant found- 
ress, and defer to the foundress in egg laying (see Chapter 
15). The foundress not only attempts to prevent her asso- 


FIGURE 3-5. A female of Polistes canadensis on a young 

nest chews a newly caught arthropod into pulp prior to feeding 
it to the larvae. She rotates the ball with her forelegs while 
malaxating it with her mandibles (photograph courtesy of Mary 
Jane West Eberhard). 
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FIGURE 3-6. Parameters of population growth in a typical 
colony of Polistes fuscatus: (A) growth of the nest; (B) emer- 
gence rate of new adults (redrawn from Eberhard, 1969). 


ciates from laying eggs; she also eats their eggs when they 
occasionally sneak them into unoccupied cells. In time the 
ovaries of the subordinates regress. Marking experiments 
by Rau (1940) and Eberhard have revealed that such 
auxiliaries prefer to associate with foundresses who are 
sisters. But they move rather readily from nest to nest 
during the period of colony founding, and a few even 
attempt to start their own nests while serving as subordi- 
nates in established nests. 

Through the summer, and on to the onset of the colony’s 
decline and dissolution in early fall, the adult population 
grows rapidly (Figure 3-6). The complete development 
from egg to adult takes an average of 48 days, so that 
roughly three widely overlapping, complete brood se- 
quences can be completed in a season. By the end of 
summer as many as 200 or more adult individuals may 
have been reared in a single nest, but their mortality is 
consistently high, and only a fraction are to be found 
together at a given time. The first individuals to appear 
are all workers, that is, females whose wings are generally 
less than 14 mm in length and whose ovaries are unde- 
veloped. Together with the foundress, and possibly the 
original auxiliaries, they make up the entire adult popu- 
lation until the end of July. They carry on all of the work 
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FIGURE 3-7. The progression of castes in the life of a colony 
of the brown paper wasp Polistes fuscatus (redrawn from Eber- 
hard, 1969). 


of the colony: foraging for insect prey, nectar, and wood 
pulp for nest construction, building new cells onto the 
edge of the nest, and caring for the brood and nonworking 
adults of the colony. In early August males and “queens” 
(larger females capable of overwintering) begin to emerge; 
these purely reproductive forms come to replace the 
workers entirely by fall (Figure 3-7). The reproductives 
are essentially parasites, and as they grow in number they 
have an increasingly disruptive influence on the life of the 
colony. The males are treated aggressively by the workers, 
and during the peak of male abundance in mid-August 
the chasing of males is a conspicuous feature of behavior 
on the nest. According to Eberhard, “The scurrying of 
males with workers in pursuit, often pulling at a male’s 
hind leg clamped in their mandibles, gives the colony a 
disrupted appearance, although workers continue to for- 
age and attend the brood.” Shortly after the nonworker 
population appears in late summer, the colony enters its 
period of fastest growth. But this is destined to be short- 
lived because the proportion of workers declines rapidly 
thereafter and their services are spread more and more 
thinly. In time, the workers returning to the nest with fresh 
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loads of food are mobbed by hungry, soliciting groups of 
adults. Less food is passed on to the larvae, and colony 
growth sharply declines. Deleurance (1955b) has described 
what he calls “abortive” behavior on the part of adults 
of Polistes gallicus during this period of colony waning, 
during which the brood are not only starved but even 
pulled out of the cells and killed and eaten. However, 
Eberhard (1969) found no evidence of such behavior in 
P. fuscatus. 

Around the middle of August the P. fuscatus males 
begin to leave the nests and cluster in cracks and on old, 
abandoned nests. Later, females begin to join these 
groups. Mating takes place on or close to sunlit structures 
nearby or within the cavities destined to serve as hiberna- 
tion sites. With the onset of winter the males die off and 
the fecundated females hibernate singly to await the 
coming of spring and the renewal of the colony life cycle. 

The Polistes life cycle relates to one of the more impor- 
tant generalizations concerning the social biology of wasps. 
It has been noted by von Ihering (1896), Wheeler (1923), 
Pardi (1942), Yoshikawa (1962d), and others that the 
nests of tropical species tend to be founded by multiple 
foundresses while those of temperate species tend to be 
founded by single females that overwinter in solitude. The 
extreme development of the first type is seen in some of 
the tropical Polybiini, in which new colonies are started 
by swarms of morphologically similar individuals who 
leave the old nest about the same time, while the extreme 
development of the second type is shown by the temperate 
species of Vespinae, in which new colonies are always 
begun in the spring by a single fecundated individual 
belonging to the morphologically very distinct queen 
caste. The condition illustrated by the polybiines is re- 
ferred to as primary polygyny (or primary pleometrosis), 
and that illustrated by the vespines is called primary 
monogyny (or primary haplometrosis). An extension of 
the generalization, but not an essential part of it, is that 
colonies of the tropical swarming species tend to have 
multiple functional queens but those of temperate species 
have only one queen. Whether the tropical polygyny is 
ever secondary, that is, derived in certain cases from 
original monogynous colony formation, or whether it is 
always just a holdover from the primary state of polygyny, 
has never been settled. In fact, it is not even completely 
certain that true functional polygyny exists in the “polyg- 
ynous” species. Morphologically similar “queens,” with 
well-developed ovaries, coexist in some polybiine species 
(Richards and Richards, 1951), but the evidence that all 
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are contributing eggs is for the most part indirect; it is 
possible that one of these individuals often dominates the 
others to the point of repressing their oviposition. Re- 
cently, however, W. D. Hamilton (personal communi- 
cation) did observe two queens of Protopolybia minutis- 
sima ovipositing in the same young nest, and he believes 
that functional polygyny is a common occurrence in other 
Polybiini. 

Primary monogyny is generally regarded as having 
evolved from primary polygyny as an adaptation to cold 
climates. As Wheeler (1923) pointed out, such a transition 
is easy to visualize: “We might, perhaps, say that our 
species of Vespa and Polistes each year produce a swarm 
of females and workers but that the advent of cold weather 
destroys the less resistant workers and permits only the 
dispersed queens to survive and hibernate till the follow- 
ing season.” Polistes is of special interest because its species 
display the intermediate steps in this transition. The tem- 
perate species P. fuscatus is primarily monogynous, to be 
sure, but the founding queen is usually joined by others 
within days or even hours after nest construction begins, 
so that the initial state is nearly polygynous. An even 
closer approach to swarming is exhibited by P. canadensis, 
a species that ranges (again, possibly as a cluster of sibling 
species) from the southern United States to northern 
Argentina and, in spite of its name, is tropical in origin 
(Rau, 1933; Eberhard, 1969). In Central and South 
America a new nest is started by a female which goes 
directly to the new nest site from the old nest still occupied 
by her sisters. Often such pioneers are provoked to leave 
when they fight over the dominant position, a contest 
which is more overt and evenly matched than in P. 
fuscatus. Just as in fuscatus, however, the canadensis 
foundress is quickly joined by other individuals. After 
quarreling, one female takes precedence, and the colony 
is functionally monogynous thereafter. Since the primitive 
species of Polistes are tropical (Eberhard, 1969), it seems 
clear that the cold temperate species have intercalated a 
hibernation episode in the colony life cycle without having 
changed social behavior in any important way. In order 
to find a principal alteration in social organization that 
can be linked to climatic adaptation, it will be necessary 
to turn later to the Vespinae. 


The Natural History of the Polybiine Wasps 


The polybiines encompass every stage of social evolu- 
tion from the quasisocial to the advanced eusocial. The 
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African genus Belonogaster exemplifies the former stage. 
In his study of B. junceus in Dahomey, Emile Roubaud 
(1916) showed how the colonies superficially resemble 
those of Polistes in populations and outward appearance 
but differ from them in several basic details of orga- 
nization. The nests are composed of naked combs con- 
structed from carton and suspended from aerial supports 
in forest vegetation. Colonies are usually founded by a 
single female, but sometimes by 2 or more individuals. 
The population growth of the colony members is expo- 
nential, and its rate is comparable to that of temperate 
species of Polistes during the spring and summer. Within 
three months, if conditions are ideal, the colony can ex- 
pand to 20 or more adults which occupy a nest with as 
many as 200 cells. But only a minority of the colonies 
reach this stage, and those that do soon enter into a period 
of decline and dispersal. The reason for the decline ap- 
pears to be an inevitable buildup of the populations of 
males and internal parasites. There are no evident caste 
differences among the females. All individuals are ap- 
proximately the same size, with well-developed ovaries, 
and all or nearly all are inseminated within about a week 
following eclosion. Both before and for some time after 
insemination the young females serve as workers. Ac- 
cording to Roubaud, they are kept sterile by a combina- 
tion of hard work and lack of sufficient nourishment. 
However, as they grow older they assume the role of egg 
layers. Thus there is no permanent caste division, and all 
the females have essentially the same status when it is 
considered over a lifetime. One searches in vain through 
Roubaud’s account for evidence of dominance hierarchies, 
but of course one must bear in mind that Roubaud was 
not aware of the concept and could easily have neglected 
to record the pertinent observations. Similar egalitarian 
societies may exist in the primitively social bees and in 
the stenogastrine wasp genus Parischnogaster (Yoshikawa 
et al., 1969). 

A somewhat higher level of organization, closely ap- 
proaching that of Polistes, occurs in the polybiine genus 
Mischocyttarus. This is a very large group, containing no 
less than 183 species, and it ranges from northern Argen- 
tina northward to British Columbia in the west and 
through the West Indies to Florida in the east. A South 
American species, M. drewseni, has been the subject of a 
recent intensive study by Jeanne (1970a,b). His results are 
of special interest because they elucidate to a much greater 
extent than the Belonogaster data the life cycle of small, 
short-lived colonies that exist in a relatively uniform 
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tropical climate. M. drewseni is a moderately common 
wasp that ranges from southern Brazil to the northern 
coast of South America. Along the Amazon River, where 
Jeanne made his observations, it is limited to open fields 
and areas of low, shrubby vegetation. The nests consist 
of single naked combs suspended from very slender pedi- 
cels (Figure 3-8). Jeanne found that the wasps regularly 
coat the pedicels with ant repellent substances that origi- 
nate from a glandular area near the tip of the abdomen 
(Jeanne, 1970b). The nests are usually built in low vege- 


FIGURE 3-8. A beginning nest of Mischocyttarus drewseni. 
The female is adding ant repellent substance from the sternal 
glandular area of the abdomen to the pedicel of the nest 
(photograph courtesy of R. L. Jeanne). 
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tation or beneath eaves, lintels, and other man-made 
havens of the kind also favored by some species of 
Polistes. The colonies are small, the largest seldom con- 
taining more than thirty adult members. The all-female 
workers forage during the day for insects, spiders, and 
nectar. Prey items are malaxated into pulpy masses before 
being fed to the larvae. 

Of the 29 colonies observed from the beginning of their 
development, 20, or 69 percent, were founded by single 
females, and the remainder by groups of up to eight 
females. In the polygynous associations one individual 
soon came to dominate the others and to take over the 
exclusive reproductive role. The subordinate foundresses 
often continued to oviposit for a while, but their eggs were 
promptly eaten by the dominant female. After a time they 
gave up the effort altogether and devoted themselves 
entirely to nest construction, brood care, and foraging. The 
development of the first brood was rapid; on the average 
the egg and larval periods were 12 days each, and the 
pupal period, 13-15 days. The first adults to emerge were 
all females. They were somewhat smaller in size than the 
foundresses, about 10 percent shorter in total length, and 
they all assumed the worker role. Subsequent broods 
developed more slowly because the larval period stretched 
out for as much as 32 days. By the end of the next devel- 
opmental period, approximately 10 to 12 weeks into the 
colony life cycle, the first males and full-sized females 
began to emerge. Colonies continued to produce these 
reproductive forms for another 3 or 4 months, and then 
they entered a period of rapid decline. 

Relatively few colonies reached the terminal, senescent 
phase. Most were destroyed by external causes, as docu- 
mented in Table 3-2. The average life span of a colony 
was therefore quite short. In a sample of 14 colonies 
followed by Jeanne from near their inception to their 
natural end, the colony life spans ranged from 6 to 228 
days and averaged only 86 days. The causes of natural 
decline after 6 months or so were not determined with 
certainty. Unlike the north temperate Polistes, Mischo- 
cyttarus drewseni is relatively uneffected by climate. Colo- 
nies are started at all times of the year and at any given 
moment a local population contains colonies in every 
stage of development. The decline appears to be due at 
least in part to an increasingly heavy investment in males 
and larger females (“queens”) which contribute little to 
the welfare of the colony and which in any case often 
disperse after only a short residence on the nest. What 
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would be the advantage of such early programmed colony 
senility? The answer is very likely that mortality due to 
external causes is so heavy, and the average life span of 
a colony correspondingly so short, that it is of selective 
advantage for colonies to reach maturity quickly and to 
invest totally in reproductives, rather than to take the 
chance of producing reproductives at a lower rate over 
a longer span of time. This is the “explosive” form of 
colony life cycle, which we will examine later in a more 
formal analysis of population dynamics (Chapter 21). 

The genus Polybia can be regarded as represent- 
ative of the large group of primarily tropical, peren- 
nial wasps within the Polybiini that have evolved popu- 
lous colonies and a more complex social biology than that 
of Polistes or Mischocyttarus. It ranges from the tropical 
portion of Mexico to northern Argentina. Some of its 
approximately 40 species are exceptionally abundant, 
forming an ecologically important part of the Neotropical 
epigaeic fauna (Richards and Richards, 1951). 

Polybia occidentalis is the most widespread member of 
the genus, occurring over almost the entire range of the 
genus. It is also the best known of the higher polybiines. 
Richards and Richards, in their treatise on the social 
wasps of South America, recognize ten geographical sub- 
species and varieties, plus a complex of additional, closely 
related species. The colonies of P. occidentalis are large; 
one sample of five collected in Guyana contained from 
89 to 596 adults and a closely correlated number of larvae 
and pupae. As in all polybiine species thus far studied, 
there are multiple queens (from 4 to 48 in each of the 


TABLE 3-2. Causes of mortality of Amazonian 
colonies of the social wasp Mischocyttarus drewseni 


(from Jeanne, 1970a). 


Number of 

Cause colonies 
Declined normally at end of life cycle 5 
Destroyed by ants 2 
Destroyed by other predators, probably birds 

or lizards 11 
Queen disappeared, colony declined quickly 
Abandoned by adults, reason unknown 7 
Collected for study purposes 8 
Destroyed by unknown agents 13 

Total 47 
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colonies just cited). On the other hand, and this is notably 
true for the most part of polybiines in general, the only 
evidence that more than one queen actually lays eggs is 
the statistical observation that the number of eggs present 
is correlated with the number of queens (and workers) 
present. The queens are easily distinguishable from the 
workers only by their greater ovarian development, and 
numerous individuals are intermediate even in this 
character. The queens are also, on the average, smaller 
in size and possess fewer hamuli (wing hooks), the latter 
being a curious and as yet unexplained distinction that 
is the reverse of the usual quantitative queen-worker 
difference in social insects. In both size and hamulus 
number the differences are very slight, and there is con- 
siderable overlap between the two castes. Some other 
polybiine species display stronger queen-worker differ- 
ences, in extreme cases approaching the dimorphism that 
characterizes the Vespinae (see Chapter 9). 

The basic types of nests constructed by polybiines and 
other social wasps are illustrated in Figures 3-9 to 3-12. 
All species of Polybia build medium-sized to large nests 
of the “phragmocyttarous” type: rows of horizontal combs 
are constructed from an arboreal support downward and 
covered, comb by comb, with a bag-like envelope. The 
nests of P. occidentalis studied by the Richards were hung 
from large leaves or twigs of trees, at distances of 1 to 
8 m from the ground, usually in clearings or open second- 
growth rain forest. The pyriform envelopes were 6 to 
15 cm long and contained 3 to 6 combs. The single en- 
trance holes were located below the level of the lowest 
comb but on one side of the envelope well above its lowest 
point. These details are consistent with descriptions of 
P. occidentalis nests studied earlier on Barro Colorado 
Island, Panama, by Schwarz (1931) and Rau (1933). P. oc- 
cidentalis workers capture a wide variety of insects, 
especially winged termites abroad during the nuptial 
flights. The wasps store both malaxated insects and honey 
in empty brood cells for undetermined periods of time. 

In Argentina Bruch (1936) observed both swarming and 
the formation of new colonies of P. scutellaris, a form 
originally described as a variety of occidentalis but now 
known to be a distinct species (O. W. Richards, personal 
communication). Although the castes involved were not 
recorded, it is apparent that P. scutellaris conforms to the 
usual polybiine pattern, in which a group of workers and 
one or more queens flies from the mother nest, settles on 
a new site, and constructs a nest. One colony in Argentina 
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was followed through what appeared to be normal devel- 
opment during a period of four years. In the summer 
month of January 1931 a swarm of adults appeared on 
a tree and remained as a naked cluster for at least four 
days, then began constructing a nest—first a convex roof, 
then a set of six combs. By May, when the colony entered 
hibernation, the maximum diameter of the envelope had 
reached 10 cm. The following spring (October 1931) the 
wasps started a new nest in a less constricted site on 
another branch, using materials from the old nest. During 
the ensuing summer the growth of the colony was rapid, 
and the diameter of the new envelope expanded to 18 
centimeters. A year later, in December 1932, several 
thousand wasps died of an unknown cause and were 
carried out; but this did not prevent the colony from 
continuing to add to the nest until, in May 1933, it at- 
tained a width of 26 cm and a length of 32 cm. The wasps 
continued to add combs into the fourth summer, as late 
as December 1934. But in the following March the nest 
was found inexplicably abandoned. The pattern through 
the four-year period, if it can be regarded as typical, 
indicates that P. scutellaris colonies are restless, willing to 
shift to superior nest sites even during periods of growth. 

Most Polybia colonies, like the Argentine example, are 
perennial. Nests of scutellaris in Brazil grow to measure 
as much as a meter in diameter and persist for as long 
as 25 years. There is very little additional information 
concerning the pattern of growth of colonies of the P. oc- 
cidentalis species group or the time required to reach 
“maturity,” that is, the stage at which new colonies are 
generated by swarming. Apparently P. occidentalis and 
its near relatives vary a great deal in these qualities. 
Richards and Richards (1951), after defining the “devel- 
opmental cycle” as the period elapsing from the birth of 
an egg to the eclosion of the adult wasp, made the follow- 
ing generalizations about the life cycles of polybiines in 
particular and social wasps in general. “While... the 
developmental period is a convenient measure of the age 
of the nest, the more fundamental unit for the species is 
the time taken to produce the first males and young 
queens. It would appear that in this respect there are two 
main types of behaviour in the POLYBIINAE. In such 
wasps as Polybia occidentalis (Oliv.) (most subspecies), 
P. bistriata (Fab.), Metapolybia, Protopolybia minutissima 
(Spin.), and Mischocyttarus, as in Polistes, after a few 
developmental cycles (nests of age 2.0-3.0), males and 
queens are produced, and the colony breaks up. The 
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FIGURE 3-9. Diagrams of the basic types of nests of social wasps, according to the modified classification of Henri de Saussure 
(1853-1858): (1) Cross section of a phragmocyttarous nest, showing the basic plan followed by Polybia occidentalis and some other 
polybiine species. (24) Astelocyttarous nest (attached directly to the support and lacking pillars), surface view with the envelope partly 
removed; (2B) the same in cross section. (3) Cross section of a gymnodomous stelocyttarous nest (that is, lacking an envelope and 
supported by a pillar); this example contains only one comb and is of the form typically produced by species of Polistes. (4A) Surface 
view of another gymnodomous, stelocyttarous nest, this one constructed by a colony of Stelopolybia inside a hollow tree trunk; (4B) 
the same in cross section. (5) Cross section of a calyptodomous, stelocyttarous nest (that is, covered by an envelope and supported by a 
pillar), this one constructed by a colony of Charterginus. (6) Calyptodomous, stelocyttarous nest of Leipomeles sp., a polybiine that 
adds new combs laterally; the envelope is partly removed, and the combs are shown at the stage of development prior to fusion. 

(7) The Leipomeles nest after fusion of the combs, in cross section. (8) The nests of Protopolybia resemble those of Leipomeles, except 
that the combs are added vertically in the manner shown in this cross section; their individual orientation, however, remains parallel 
to the substratum. The nests of Parachartergus (9) and Polybioides (10) also resemble those of Leipomeles, except that the combs are 
hung perpendicular to the surface of the support; that is, they are “laterinidal” instead of “rectinidal” (redrawn from Richards and 
Richards, 1951, with modifications by W. D. Hamilton and O. W. Richards, personal communications). 
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FIGURE 3-10. A nest of the polybiine wasp Epipona tatua, FIGURE 3-11. A nest of the polybiine wasp Chartergus 
chartarius, with part of the carton envelope removed to show 


with part of the carton envelope removed to show the arrange- 
the arrangement of combs inside (from de Saussure, 1853- 


ment of combs inside (from de Saussure, 1853-1858). 
1858). 
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FIGURE 3-12. A nest of the polybiine Pseudochartergus fuscatus from Brazil. The combs are 
connected by pillars to the leaves of a living tree and surrounded by a semitransparent envelope of 
hardened glandular secretion (from Jeanne, 1970c). 


species of Vespa s.l. living in temperate climates essentially 
follow this plan. There is no evidence that the end of their 
colonies is due to the weather, much more that it is due 
to the death of the queen. Colonies of V. sylvestris Scop. 
and V. rufa L. [European species] end long before the 
autumn frosts which, in the other species, only hasten the 
disintegration which has already started. The ending of 
the small Polybia colonies after a relatively short period 
is even more curious. Weather can play no part in it and 
the presence of a number of egg-laying queens makes it 
less likely that the disintegration is due to their senility 
. .. The other type of colony, confined to the tropics, is 
seen in such species as Polybia rejecta (Fab.), Protopolybia 
pumila (Sauss.), Epipona tatua (Cuv.), and probably 
Synoeca surinama (L.), and at the limits of the tropics in 
Polybia occidentalis var. scutellaris (White) and Brachy- 
gastra lecheguana (Latr.). These wasps make nests which 
last a long time, probably some years. . . In P. occidentalis 
var. scutellaris nests possibly last as long as 25 years 
(Lucas, 1867 and 1885), and one was observed inter- 
mittently for 4 years by Bruch (1936). In E. tatua, Fitz- 
gerald observed a nest which lasted 2 years without alter- 
ing in size and, according to Lacordaire, this species 
probably sends out swarms at yearly intervals. Cyclical 
reproduction of this kind is presumably typical of all the 
species in this group.” 


The Natural History of the Vespine Wasps 


The subfamily Vespinae, comprising what are called the 
hornets and yellow jackets in English-speaking countries 
and the “true wasps” in Germany (or Hornisse in the case 


of Vespa crabro), is a primarily tropical Asian group that 
has penetrated deep into the temperate zones of Eurasia 
and North America. All vespines are eusocial or else social 
parasites on their eusocial relatives. They are notable for 
the advanced state of this sociality relative to most of the 
Polistinae, even though in temperate species the colony 
life cycle is only annual in nature. The queen is, on the 
average, much larger in size than the worker caste and 
is the principal or sole egg layer (Figure 3-13). 

The Vespinae are a taxonomically compact group. 
Workers of the genus Vespa are distinguished by their 
large size and the expanded condition of the rear part of 
the head. The European V. crabro, which has been acci- 
dentally introduced by man into the eastern United States 
(where it is called the European hornet), is a striking 
species, whose reddish workers average 25 mm in length 
and whose queens reach 35mm or more. Its nests are 
constructed of paper-like carton, ordinarily in hollow tree 
trunks or between the walls of houses but occasionally in 
the open air. In the United States most of the species of 
the subgenus Dolichovespula of the genus Vespula are 
referred to as hornets or yellow jackets, the latter in con- 
junction with species of the subgenus Vespula, while 
V. (D.) maculata is consistently called the bald-faced hor- 
net. The workers are distinguished by their more elongate 
head shape—in particular, the head capsule is by itself 
longer than broad—and by the presence of a wide space 
on the suface of the head between the anterior margin of 
each eye and the insertion of the nearest mandible. Most 
species, including V. (D.) maculata, build elaborate carton 
nests in the open air. In Europe, Vespula (Dolichovespula) 
silvestris sometimes utilizes cavities in the ground. A third 
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subgenus, Vespula (Paravespula), can be distinguished, 
but the differences between it and the subgenus Vespula 
(Vespula) are rather weak. Consequently most American 
writers recognize it at the subgeneric level or not at all, 
a usage adhered to in the latest revision of North Ameri- 
can members of the group by Miller (1961). In contrast, 
European authorities have chosen to separate V. austriaca, 
a parasitic Holarctic species, and its close relatives as a 
genus distinct from the majority of the other species, 
which would then have to be referred to the genus Para- 
vespula. Because the grounds for this cleavage seem to me 
to be weak, I have followed the Europeans in the present 
work only to the extent of employing the name at the 
subgeneric rank. Because the name Paravespula is used 
in most of the recent European literature, to drop it alto- 
gether would cause unnecessary confusion. Vespula and 
Paravespula are both distinguished from members of the 
subgenus Dolichovespula and other vespines by their short 
head capsule, which contains only a narrow strip of cuticle 
between the eye and mandible. Most of the species build 
their carton nests underground, but a few, such as V. (P.) 
germanica and V. (P.) vulgaris, occasionally nest in cavities 
in tree trunks. 

The life cycle of the vespines is basically similar to that 
of Polistes, except that the queen is not joined by auxil- 
iaries during nest founding in the spring (Duncan, 1939; 
Kemper and Dohring, 1967; Ishay, Bytinski-Salz, and 
Shulov, 1967). Little variation in details of the cycle occurs 
among the species. As a rule only the queens hibernate. 
A few workers have been found still alive in midwinter 
in warm climates, but it is doubtful that they play any 
role in nest founding. In the spring the queen selects the 
nest site, gathers fragments of dead wood and vegetable 
fibers, and chews them into a pulp to construct the first 
cells of the nest. One to three thin paper envelopes are 
added to enclose the first several cells. At this stage the 
structure is often called a “queen nest.” The queen lays 
an egg in each cell and, when the first brood of larvae 
hatches, feeds them with insects caught fresh each day and 
chewed into a pulp. Soon after the first workers eclose, 
they begin foraging for insects on their own and adding 
to the nest. Now the queen only rarely leaves the nest, 
and, as fhe season progresses, she gives up all activity 
except egg laying. Throughout the summer the workers 
continue to add new cells to the combs as well as new 
pillars and combs in the stelocyttarous pattern, together 
with new layers of paper to the cell wall. The entire nest 
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FIGURE 3-13. The three adult castes of the bald-faced 
hornet, Vespula (Dolichovespula) maculata, a highly social 
North American vespid wasp: A, male; B, worker; C, queen 
(from Betz, 1932). 
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grows outward and downward, assuming an ever larger 
and more globular shape as the workers tear away old 
portions and add new material (Figure 3-14). 

The workers capture a wide variety of soft-bodied in- 
sects to take back to the nest, favoring bees, flies, and both 
larval and adult lepidopterans. They are rather inept as 
predators, a characteristic well illustrated by Duncan’s 
following account of the behavior of Vespula (Dolicho- 
vespula) maculata workers around a fish cannery in Ore- 
gon. “The flies collected on the outside of the walls of the 
cannery and on the empty fish boxes standing on the 
docks. Here the wasps came to gather provender. Mostly 
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FIGURE 3-14. The nest of a vespine colony: (above) the gen- 
eral form taken in the earliest stages of development, as the 
queen first founds the nest (A) and then as the first brood of 
workers begins to contribute (B-E; successive envelopes are 
numbered); (below) the mature nest of a colony of Vespula 
(Dolichovespula) saxonica from Europe (from Kemper and 
Dohring, 1967). 
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they flew back and forth making sudden pounces upon 
the flies from a distance of four to six inches. They were 
not very skillful, as a dozen or more pounces might be 
made before a fly was secured . . . The wasps occasionally 
pounced on one another as they did on the flies. Almost 
as soon as they came in contact, however, they separated 
again. Recognition, if this underlay their immediate sepa- 
ration, thus appeared not to occur until actual contact had 
been made.” In Israel the hornet Vespa orientalis feeds 
to a large extent on honeybees, and it has developed a 
remarkable technique for capturing these difficult prey. 
In return, the genetic strain of honeybees that is continu- 
ously exposed to the attacks of the Vespa has apparently 
evolved an adequate defense. Ishay et al. (1967) describe 
the relationship as follows: “During summer months, the 
hornets stand or fly at the entrances of beehives, in wait 
for bees to return from the field. As is known, there are, 
in Israel, two main races of bees—the local and the Italian 
ones. The local bees protect themselves against hornets 
by forming dense clumps at the entrance of the hive. In 
such instances, a hornet, in order to capture a bee, must 
first detach it from the rest, a rather difficult feat which 
is rarely successful. There is the additional danger that 
the overly venturesome hornet, in coming too close to the 
apian phalanx, may occasionally become the victim of its 
prey and be stung to death by the massed bees. In con- 
trast, the bees of the Italian race do not defend themselves 
against hornets. In most cases, the hornet will approach 
to within 1.5 cm. of one of the bees standing at the en- 
trance of the bee-hive. It will then entice the bee to chase 
after it by executing sharp movements of retreat. The bee 
leaves its hive-mates and follows the retreating hornet, 
gradually closing the gap between them. To a spectator 
from the side, the two protagonists seem to be executing 
a grotesque pas de deux, with the relatively larger hornet 
simulating retreat and the smaller bee giving chase. When 
the two have moved some 2-4 cm. from the rest of the 
bees and are about 3-5 cm. apart, the hornet suddenly 
pounces on the bee, grabs it with its legs and soars straight 
up to a nearby branch, where it commences to chew up 
its prey. In this fashion, hornets deplete bee-hives during 
the summer and may on occasions totally destroy entire 
apiaries. The reason entire apiaries are destroyed is that, 
after the hornets dispose of the sentry bees at the hive 
entrance, they invade the hive proper and ‘gobble up’ the 
adult bees, the young and any food lying about.” In 
addition to hunting for insect prey, the workers of various 
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vespine species also carve pieces from fruit and dead 
vertebrates and gather plant sap and nectar. 

Toward the end of summer the workers construct larger 
cells on the brood combs, and from these they rear a crop 
of several dozen to several hundred queens and males. 
About this time the mother queen dies, and brood pro- 
duction ceases. The virgin queens and males leave the nest 
and mate, and, as cold weather approaches, the last linger- 
ing workers in the nest gradually die off. The males, after 
feeding in solitude on nectar at flowers for a few days or 
weeks, also perish. But the newly fecundated queens enter 
hibernacula in the form of spaces under bark of trees, 
between stacks of cordwood, cracks or abandoned beetle 
burrows in decaying logs, and so forth, and prepare to 
wait out the winter. 


The Evolution of Social Behavior in Wasps 


The natural history of the social wasps has been favored 
by the attention of a long line of investigators who concen- 
trated on comparative aspects in both tropical and tem- 
perate faunas, from de Saussure (1853-1858), Ormerod 
(1868), Marchal (1896), Janet (1903), von Ihering (1904), 
Roubaud (1911, 1916), Ducke (1914), F. X. Williams 
(1919, 1928), Rau (1933), Weyrauch (1935a,b), Duncan 
(1939), Zikan (1949), and Pardi (1951), to a group of 
contemporary, more physiologically oriented students of 
wasp biology, much of whose work has been recently 
reviewed by Spradbery (1965). By the time of the impor- 
tant publications of Roubaud (1916) and Wheeler (1923), 
it had been established that the species of aculeate wasps, 
and in particular the Vespidae, form among themselves 
a graded series connecting extreme solitary behavior with 
advanced eusociality. This information provided the 
foundation for a theory, first conceived by Janet and von 
Ihering and given complete form by Roubaud and 
Wheeler, that insect societies arise through subsocial 
stages. Thus the wasps, in spite of the lack of any sig- 
nificant fossil record, supplied the key information for 
earlier thinking on the origin of insect societies. The es- 
sential idea was crystallized in Wheeler’s seven hypotheti- 
cal, evolutionary steps: 


1. The insect mother merely scatters her eggs in the gen- 
eral environment in which the individuals of her species 
normally live. In some cases the eggs are placed near 
the larval food. 
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2. She places her eggs on some portion of the environment 
(such as leaves) which will serve as food for the hatch- 
ing larvae. 

3. She supplies her eggs with a protective covering. This 
stage may be combined with step 1 or step 2. 

4. She remains with her eggs and young larvae and pro- 
tects them. 

5. She deposits her eggs in a safer or specially prepared 
situation (nest) with a supply of food put in all at once 
and made easily accessible to the hatching young (mass 
provisioning). 

6. She remains with the eggs and young and protects and 
continuously feeds the latter with prepared food (pro- 
gressive provisioning). By definition, this is “subsocial” 
behavior. 

7. The progeny are not only protected and fed by the 
mother, but eventually they also cooperate with her in 
rearing additional broods of young so that parents and 
offspring live together in an annual or perennial society 
(eusocial or “truly” social behavior). 


This theory departs radically from the simplistic opin- 
ion, propounded earlier by Herbert Spencer and Auguste 
Lameere, that insect societies originated from “voluntary” 
consociations of individuals of the same generation. 
Howard E. Evans (1958), drawing on his own extensive 
knowledge of the solitary Hymenoptera and studies by 
Richards and Richards (1951) and other contemporary 
students of the social wasps, proposed a more finely 
graded ethocline connecting the solitary and advanced 
eusocial states. His schema, reproduced in Figures 3-15 
to 3-19, collates two independent forms of information: 
first, the morphological similarity and inferred direction 
of morphological change, expressed in the branching 
pattern of the phylogenetic trees, and, second, the 13 
sequential steps envisioned in behavioral evolution. It is 
notable that several families of wasps have to be included 
in order to encompass the whole story. This in no way 
vitiates the theory. Indeed, if we believe that behavioral 
evolution is even loosely correlated with morphological 
evolution, it follows that single taxonomic units such as 
families and genera should show less behavioral variation 
than all the wasps taken together. 

The group of living Hymenoptera considered on mor- 
phological grounds to be closest to the ancestors of the 
higher Aculeata is the superfamily Scolioidea. It is there- 
fore consistent with the remainder of the comparative data 
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FIGURE 3-15. Inferred evolution of predatory behavior in the spider wasp family 
Pompilidae. In Notocyphus the females sting spiders of certain species within their 
webs, lay their eggs, and depart; the spider recovers and resumes normal behavior for 
a time, carrying the Notocyphus larva as a parasitoid on its back. In Haploneurion, the 
spider is stung into paralysis, dragged into an abandoned beetle burrow, and left with 
an egg attached. In more advanced pompilids, the female prepares a nest, either be- 
fore or after obtaining a paralyzed spider (redrawn from Evans, 1958). 
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FIGURE 3-16. The transition between primitive mass provisioning and progressive 
provisioning within two families of the superfamily Sphecoidea. Ammophila is notable 
for exhibiting a variety of degrees of mother-offspring relationships. A. procera females 
place single caterpillars in previously prepared cells and lay one egg on each. Those of 
A. aberti place several caterpillars in one cell and occasionally come into contact with 
newly hatching larvae before the nest is sealed. In A. harti and A. pubescens, fresh 
caterpillars are brought from time to time to the growing larvae (modified and re- 
drawn from Evans, 1958). 
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FIGURE 3-17. Evolution of predatory and nesting behavior in the sphecid tribe 
Bembicini. In some species of Glenostictia, Bembix, and Stictia, the egg is first laid in 
the cell, and then a prey (usually a fly) is captured and placed with it. In a second 
important advance toward sociality, females of the sand wasp genus Bembix remain 
within the nest at all times when not actually feeding or provisioning; consequently 
they to some extent protect the larvae from predation. Furthermore, females of some 
species of Bembix clean out the cells of the remains of flies which have been consumed, 
thus reducing infestation by various inquilinous maggots—again presaging an impor- 
tant behavioral component of social organization (redrawn and modified from Evans, 
1958). 
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FIGURE 3-18. The vespoid family Eumenidae, which includes the familiar potter 
wasps, exhibits every conceivable transition from mass to progressive provisioning. 
Synagris spiniventris practices mass provisioning when food is abundant and progress- 
ive provisioning when food is scarce. S. cornuta, while remaining primitively sub- 
social, adds an important feature found in all eusocial wasps: the prey are macerated 
and fed directly to the larvae, rather than being placed in a whole condition next to 
the larvae. The vespid subfamily Stenogastrinae contains the transition from primi- 
tively subsocial to subsocial stage I. Females of Stenogaster depressigaster live in small 
colonies apparently consisting of a mother and daughters. These daughters differ in 
neither structure nor function from the mother; they merely remain on the nest, add- 
ing cells, laying eggs, and caring for their own larvae (redrawn from Evans, 1958; see 
also Iwata, 1967). 
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FIGURE 3-19. The vespid subfamily Polistinae encompasses the transition from ad- 
vanced subsocial to advanced eusocial states. Belonogaster is in subsocial stage IT; 
mothers and daughters cooperate in nest building and brood rearing, but there is no 
permanent division into worker and egg-laying castes. This division does take place in 
other Polistinae, thus completing the three qualities—cooperative brood care, over- 
lap of generations, and division into reproductive castes—needed for the formal de- 
signation of eusociality. At least the Belonogaster level is also attained in the steno- 
gastrine genus Parischnogaster, not shown here. Liquid food exchange (trophallaxis) 
is added in all of the Polistinae. A slight morphological difference exists between 
queens and workers of Polybia; this difference is strongly marked in the Vespinae 
(Vespa, Vespula) (redrawn from Evans, 1958; see also Yoshikawa et al., 1969). 


to find that scolioid females display the most primitive 
form of predatory behavior—level | in the Evans schema. 
The females of most scolioid species search for beetle 
grubs, then simply sting them into paralysis, lay an egg 
on the surface of their victim’s body, and leave the grub 
where it happens to be. This is essentially the behavior 
of most of the lower parasitoid Hymenoptera from which 
the aculeates are considered to have been ultimately de- 


rived. 
Outside the Vespoidea there is one additional group of 
FIGURE 3-20. Zethus cyanopterus, a solitary discoeliine aculeate wasps, the Sphecoidea, in which higher levels of 
eumenid wasp from southeastern Asia: (left) adult male; social behavior have been achieved. In the sphecid tribe 
(right) nest from a forested area on Luzon. It is constructed Cr i ti x i fi 
from freshly cut leaves and contains four cells, which are pro- FRANS STUFT Se) en > 
gressively provisioned by a single female (from F. X. Williams, cies (Evans, 1964). In Moniaecera asperata, for example, 


1919). two or three females of the same generation share the 
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FIGURE 3-21. Wasps of the vespid genus Stenogaster and 
their nests: (/eft) female of Stenogaster micans luzonensis and 
her pear-shaped nest; the nest is constructed of carton (chewed 
dead wood) and contains as many as 23 cells which are pro- 
gressively provisioned by a single female; (right) nest of the 
communal species Stenogaster depressigaster, with one of the 
resident females sitting at the bottom. Both species were 
studied in the Philippine Islands by Williams (1919). 


same earthen burrow. They mass-provision their own cells 
separately (with paralyzed flies and hemipterans) and 
show no other signs of cooperation. In the Cercerini we 
find associations of about the same level but this time of 
a subsocial nature, that is, occurring between mother and 
daughter, rather than parasocial as in the Crabronini. The 
best-documented species is Cerceris rubida (Grandi, 1961). 
In Italy this little wasp has two generations during each 
summer, and as many as four or five females of the second 
generation remain in the nest with their mother. Although 
they are smaller in average size than females of the first 
generation, the daughters carry out their own nesting and 
provisioning activities. There is a rudimentary form of 
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division of labor, with both mothers and daughters taking 
turns guarding the communal nest entrance. 

True sociality or a state closely approaching it has been 
achieved by the pemphredonine sphecid Microstigmus 
comes (Matthews, 1968a,b; see Figure 3-22). Females of 
this Costa Rican species construct diminutive bag-like nests 
suspended from the underside of leaves of the forest palm 
Chrysophila. Brood cells, which consist of pocket-like cavi- 
ties in the lower half of the envelope, are mass-provisioned 
with collembolans. Of 22 nests examined by Matthews, 
half contained a single female and the other half from 
2 to 11 females and a scattering of males. Regardless of 
the number of females, only one cell was being provi- 
sioned at any given moment. The condition of ovarian 
development varied greatly among the females in a given 
nest, and a few of the females lacked any trace of oocyte 
development. From these facts it seems likely that there 
is a reproductive division of labor, either temporary or 
permanent with respect to single individuals. The question 
remains, is there also an overlap of generations? Although 
many new adults emerged during the brief period of 
Matthew’s study, no nests under construction were found. 
Also, some of the adult females remaining in the polygy- 
nous nests were evidently very young individuals. Thus 
it appears likely that overlap of generations does occur, 
and that Microstigmus comes is either fully eusocial or at 
least at an advanced stage of presociality comparable to 
that already documented in Belonogaster. 


FIGURE 3-22. The female of Microstigmus comes, a social 
sphecid wasp from Costa Rica (from Matthews, 1968a). 
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Although the traditional reconstruction of social be- 
havior in the vespid and sphecid wasps seems generally 
persuasive, our information is still relatively weak and 
uncertain in many crucial aspects. Most needed are thor- 
oughgoing life cycle and population studies, especially in 
the subsocial and primitively eusocial stages within the 
span of Evans’ stages 7-12. The crucial groups in these 
stages, most notably the subsocial Eumenidae, the Steno- 
gastrinae, and the primitive Polistinae including Belono- 
gaster and Mischocyttarus, and Microstigmus, are all trop- 
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ical and still poorly known. It remains an open question 
whether colonies in most of these groups are founded 
exclusively by single females or occasionally by groups 
of cooperating females of the same generation. The degree 
of reproductive dominance and the relation of division 
of labor to age and size are still mostly unknown. It seems 
likely that, as new studies are conducted, the details of 
the evolutionary scheme will have to be altered frequently, 
perhaps in some surprising ways. 


4 The Ants 


On several counts ants can be regarded as the premier 
social insects. They are the most widely distributed of the 
major eusocial groups, ranging from the arctic tree line 
south to Tierra del Fuego, to the tip of South Africa, and 
to Tasmania, and occurring on virtually every oceanic 
island between Iceland and the Aleutians in the north and 
Tristan da Cunha and Campbell in the south. They are 
numerically the most abundant of social insects. At any 
given moment there are at least 10° living ants on the 
earth, assuming that C. B. Williams (1964) is correct in 
estimating a total of 1018 individual insects—and taking 
0.1 percent as a conservative estimate of the proportion 
made up of ants. The ants contain a greater number of 
known genera and species than all other eusocial groups 
combined. The diversity of their ecological and social 
adaptations is truly remarkable. Food specialization is 
extreme, exemplified by the species of the ponerine genus 
Leptogenys that prey only on isopods; by species of the 
ponerine genera Discothyrea and Proceratium that feed 
only on arthropod eggs (Brown, 1957); by certain mem- 
bers of the myrmicine tribe Dacetini that prey only on 
entomobryomorph and symphypleonan collembolans 
(Brown and Wilson, 1959a); and by members of the sub- 
family Cerapachyinae, all of which, so far as we know, 
prey exclusively on other ants (Wilson, 1958a; Gotwald 
and Brown, 1966). The majority of ant groups exhibit a 
highly variable degree in prey choice, while a few have 
come to subsist primarily on seeds. Still others rely entirely 
on the “honeydew” secretions of homopterous insects 
reared in their nests or on special mutualistic fungi cultured 
on insect dung or vegetation (Way, 1963; Weber, 1966). 

Social parasitism attains its most advanced development 
in these insects. A finely graded series of stages in the 


evolution of the phenomenon is displayed by various 
species up to and including degenerate forms of slavery 
in which the slave-maker workers are capable only of 
conducting raids and are totally dependent for minute- 
to-minute care on their slave workers. Other evolutionary 
lines lead to total inquilinism, in which the worker caste 
is lost; in one remarkable species (Teleutomyrmex 
schneideri) the parasite queens have turned into ecto- 
parasites, their bodies having become modified for riding 
on the backs of the host queens (Chapter 19). 

Nesting habits are no less diverse. A few ant species, 
such as the fungus growers of the genus Atta and the 
extreme desert dwellers Monomorium salomonis and 
Myrmecocystus melliger, excavate deep galleries and shafts 
down into the soil, sometimes to depths of six meters or 
more (Bernard, 1951; Jacoby, 1952; Creighton and Cran- 
dall, 1954). In contrast, there are the arboreal species, 
some of which are limited to cavities of one or a very few 
species of plants. A few of the host plants in turn are 
highly specialized to house and nourish ant colonies and 
are unable to survive without these insect guests (Janzen, 
1967). The tiny myrmicine Cardiocondyla wroughtoni 
sometimes nests in cavities left in dead leaves by leaf- 
mining caterpillars, while a few formicine species— 
Oecophylla longinoda and O. smaragdina, Camponotus 
senex, and certain species of Polyrhachis—have evolved 
the habit of using silk drawn from their own larvae to 
construct tent-like arboreal nests (Forel, 1896). 

The reason for the numerical preeminence of ants is 
a matter for conjecture. Surely it has something to do with 
the innovation, achieved as far back as the mid-Creta- 
ceous period, of a wingless worker caste able to forage 
deeply into soil and plant crevices. It must also stem partly 
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from the fact that primitive ants began as predators on 
other arthropods and were not bound, as were the ter- 
mites, to a cellulose diet and to the restricted nesting sites 
that place colonies within range of adequate quantities 
of cellulose. Finally, the success of ants might be explained 
in part by the ability of all the primitive species and most 
of their descendants to nest in the soil and leaf mold, a 
location that gave them an initial advantage in the ex- 
ploitation of these most energy-rich terrestrial micro- 
habitats. And perhaps this behavioral adaptation was 
made possible in turn by the origin of the metapleural 
gland, the acid secretion of which inhibits growth of mi- 
croorganisms in the nest chambers (Maschwitz et al., 
1970). 

In 1968, according to Francis Bernard, 7600 living 
species of ants had been described from the entire world. 
W. L. Brown (personal communication) believes that the 
true number, including those remaining to be described, 
probably falls between 12,000 and 14,000. These comprise 
about 250 unequivocal genera. There is more variety of 
species in the tropics, and this diversity declines sharply 
with increasing latitude (Kusnezov, 1957a; Wilson, 1968a). 
The fauna of North America north of Mexico, for exam- 
ple, one of the best studied taxonomically, was known to 
contain only 455 species in 1950 (Creighton). Only 3 of 
the more widespread of these species make it to the tree 
line of the American arctic, and they are very rare or 

absent on the tundra beyond (Weber, 1950; W. Briggs, 
personal communication). 

The ants constitute all of the single superfamily Formi- 
coidea and, within that, the single family Formicidae. 
Brown (1954) divided the Formicidae into two major 
branches, the myrmecioid and poneroid “complexes” of 
subfamilies. The names of the complexes were derived 
from the most primitive subfamilies known to belong to 
them at that time, namely the Myrmeciinae and 
Ponerinae. This taxonomic decision has since come to be 
supported by a growing amount of solid evidence, and 
it has some potentially profound evolutionary implications 
to be discussed later in this chapter. Within the two com- 
plexes can be recognized the eleven subfamilies listed in 
Table 4-1. Some authorities place the Aneuretinae as a 
tribe within the Dolichoderinae and the Cerapachyinae 
as a tribe within the Ponerinae; both are clearly no more 
than borderline candidates for subfamilial rank. Repre- 
sentatives of some of the most diverse ant genera are 
illustrated in Figures 4-1 to 4-6. 
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TABLE 4-1. Subfamilies of ants (family Formicidae), 
together with the principal tribes and genera and 

their world distribution. (Some authors place the 
Aneuretinae within the Dolichoderinae and the 
Cerapachyinae within the Ponerinae.) 


Division 


Distribution 


THE MYRMECIOID COMPLEX 


Subfamily Sphecomyrminae 
Sphecomyrma 


Subfamily Myrmeciinae 


Nothomyrmecia 
Myrmecia 
Prionomyrmex 
Ameghinoia 


Subfamily Aneuretinae 


Aneuretus 
Mianeuretus, Paraneuretus, 
Protaneuretus 


Subfamily Pseudomyrmecinae 


Pseudomyrmex 
Tetraponera 
Pachysima, Viticicola 


Subfamily Dolichoderinae 


Tribe Dolichoderini 
Dolichoderus, Monacis 
a Hypoclinea 
Acanthoclinea, Diceratoclinea 
Tribe Leptomyrmecini 
a Leptomyrmex 
Tribe Tapinomini 
Tapinoma 
a Iridomyrmex 
a Technomyrmex 
Liometopum 
Bothriomyrmex 
Conomyrma, Dorymyrmex, 
Forelius 


Subfamily Formicinae 


Tribe Myrmecorhynchini 
Myrmecorhyncus 

Tribe Dimorphomyrmecini 
Dimorphomyrmex 

a Gesomyrmex 

Tribe Myrmoteratini 
Myrmoteras 

Tribe Melophorini 
Notoncus, Prolasius, 

Melophorus 


Fossil only; Cretaceous of 
New. Jersey 


Australia 

Australia, New Caledonia 

Fossil only; Oligocene of Europe 

Fossil only; early Tertiary of 
South America 


Ceylon 
Fossil only; Oligocene of 
United States and Europe 


New World tropics 
Africa, Asia, Australia 
Africa 


New World tropics 
World-wide 
Australia 


Australia 

World-wide 

New World, Asia, Australia 
Asia, Australia 

Eurasia, North America 


Widespread in Old World 
New World 


Australia 


Asia 
Asia 


Asia 


Australia 
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Division Distribution Division Distribution 
Subfamily Formicinae (continued) Subfamily Dorylinae 
Tribe Plagiolepidini Tribe Dorylini 
Acantholepis, Anoplolepis, Widespread in Old World Aenictus Old World tropics 
Plagiolepis : Dorylus Asia, Africa 
Acropyga Asia, Australia, Anomma Africa 
| = New World tropics Tribe Cheliomyrmecini 
Tribe Oecophyllini Cheliomyrmex New World tropics 
2 Oecophylla Australia, Asia, Africa Tibe Ecitonini 
Tribe Formicini Eciton, Labidus New World tropics 
a Formica, è Lasius, Polyergus Eurasia, North America Neivamyrmex New World 
Acanthomyops North America 5 Me 
Brachymyrmex North America a Mye 
a Prenolepis Eurasia, North America Tribe Myrmicini (broad sense) 
Euprenolepis, Pseudolasius Asia, Australia Manica, *Myrmica, Stenamma Eurasia, North America 
Paratrechina World-wide Aphaenogaster, Leptothorax, World-wide 
Tribe Camponotini M onomorium, M [yrmecina, 
a Camponotus World-wide PREISE San wi : 
Calomyrmex, Opisthopsis Ae ia Cardiocondyla, Oligomyrmex, Old World tropics 


Polyrhachis 


Asia, Africa, Australia 


Pheidologeton, Pristomyrmex, 


Rhoptromyrmex, 
THE PONEROID COMPLEX Triglyphothrix 
Subfamily Ponerinae Lordomyrma, Podomyrma, Asia, Australia 
Tribe Amblyoponini Vollenhovia 
Amblyopone World-wide Chelaner, Machomyrma Australia ; 
Prionopelta Asia, Australia, New World Xiphomyrmex Asia, Australia, New World 
tropics tropics 
Myopopone Asia, New Guinea Rogeria Melanesia, New World 
Mystrium Asia, Africa, Australia tropics 
Onychomyrmex Australia Messor, Strongylognathus, Old World 
Tribe Ectatommini Tron 
EO arn New World tropics Hylomyrma, Pogonomyrmex New World 
Heteroponera Pantropical Tribe Ochetomyrmecini i 
Rhytidoponera Asia, Australia Blepharidatta, Ochetomyrmex, New World tropics 
Discothyrea, Proceratium World-wide Was ace 
Gnamptogenys New World, Asia, Melanesia Tribe Attini 
Tribe Platythyreini Acromyrmex, Apterostigma, New World, mostly tropical 
Platythyrea Pantropical AC POM mex, 
, ae Trachymyrmex 
Tribe Ponerini Tribe M lni 
Hypoponera, * Ponera World-wide AE on. f 
Diacamma, Myopias Keer Australia Calyptomyrmex, Meranoplus Old World tropics 
Foto momy ee i Mayriella Australia 
Bothroponera, Brachyponera, Old World tropics Tribe Crematogastrini 
Cryptopone Crematogaster World-wide 
Leptogenys, Trachymesopus Pantropical Tribe Metaponini 
Tribe Odontomachini Metapone Pantropical 
Anochetus, Odontomachus Pantropical Tribe Dacetini 
, . Acanthognathus, Daceton New World tropics 
oy CSS Strumigenys World-wide 
Tribe Sphinctomyrmecini i ; Smithistruma Asia, Australia, New World 
Sphinctomyrmex Asia, Australia, New World tropics 
e T tropics Colobostruma, Epopostruma, Australia 
Tribe Cerapachyini : Mesostruma, Orectognathus 
Cerapachys Pantropical Tori 
Lioponera, Phyracaces, Syscia Old World tropics e om s NEAN ODi 
Acanthostichus New World tropics St N a Fs 
Eurhopalothrix, Rhopalothrix Pantropical 
Subfamily Leptanillinae 
Leptanilla Pantropical a Genus also known from early Tertiary fossils. 


antennal fossa 
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FIGURE 4-3. The worker of Technomyrmex albipes, amem- 
ber of the Dolichoderinae (from Wilson and Taylor, 1967). 
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D Worker gre une Do oy FIGURE 4-4. The worker of Paratrechina longicornis, a 
Mesoponera castanea showing some of the principal morpho- Ger or eo from M. R. Smith, 1947) 
logical features used in taxonomy (from Brown, 1958). merbet OEREPO EN ai i 2 


FIGURE 4-5. The worker of Trachymesopus stigmus, a mem- 
ber of the Ponerinae (from Wilson and Taylor, 1967). 


FIGURE 4-2. The worker caste of Nothomyrmecia macrops, 
considered to be the most primitive living member of the 
Australian subfamily Myrmeciinae and hence of the entire 


FIGURE 4-6. The worker of Triglyphothrix striatidens, a 
myrmecioid complex (modified from Clark, 1934). 


member ofthe Myrmicinae (from M.R. Smith, 1947). 
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The Origin of the Ants 


Until very recently the search for the ancestry of ants 
has resulted in frustration. To be sure, a vast number of 
fossils were available for study. In examining 9,527 Baltic 
amber specimens, of Oligocene age, Wheeler (1914) rec- 
ognized no less than 92 species belonging to 43 genera. 
Comparably rich Oligocene deposits were described from 
rock fossils in North America (Carpenter, 1930), and 
additional finds were made in Miocene amber from Sicily 
(Emery, 1891), Miocene rocks from East Africa (Wilson 
and Taylor, 1964), early Tertiary rocks from South 
America (Viana and Haedo Rossi, 1957), and amber of 
middle to late Tertiary age from the Dominican Republic 
and Chiapas, Mexico (Brown and Wilson, unpublished). 
These Tertiary faunas are for the most part modern in 
aspect. In the Oligocene deposits, for example, the most 
abundant genera are Iridomyrmex and Lasius, in that 
order. Iridomyrmex is still a prominent element of the 
tropical and warm temperate faunas of the New World 
and both numerically dominant and species-rich in Aus- 
tralia and New Guinea. Lasius remains one of the several 
most abundant and species-rich genera in the cooler por- 
tions of Europe, Asia, and North America. The Oligocene 
species of Lasius fit well within the range of variation 
exhibited by the living species but are morphologically 
as distinct from them as the living species are from each 
other (Wilson, 1955a). This is also true for the other ant 
genera that have persisted since Oligocene times, includ- 
ing Camponotus, Formica, Iridomyrmex, Myrmica, Oec- 
ophylla, Ponera, and Technomyrmex. There are also quite 
a few extinct genera and even some primitive forms 
among the Tertiary fossils. But the most primitive of all 
of these, Prionomyrmex longiceps of the Baltic amber, is 
a member of the Myrmeciinae, a group still represented 
by two living genera and many species in Australia and 
New Caledonia. Furthermore, the most generalized 
known member of the Myrmeciinae is a living Australian 
species—Nothomyrmecia macrops (see Figure 4-2). This 
remarkable ant was described by John Clark in 1934 on 
the basis of two workers collected somewhere within a 
10,000-square-mile area of dry, uninhabited heath and 
eucalyptus forest between Esperance and Balladonia, in 
southwestern Australia. Several expeditions, including one 
by C. P. Haskins and the present author, have attempted 
to recover additional, living specimens, but they have not 
been successful. The story of the discovery and subsequent 
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unrewarded search for Nothomyrmecia, together with a 
more detailed description of the type specimens, is given 
by Brown and Wilson (1959b). 

In sum, the known Tertiary faunas are essentially mod- 
ern in character, and they offer no strong clues to the 
origin of the ants. In order to find fossils that link the 
primitive ants to the nonsocial wasps, myrmecologists 
were forced to look to the Mesozoic era. Their hopes were 
slow in being realized, because insect fossils from Meso- 
zoic times are scarce, and this is particularly true for the 
Cretaceous period, the most recent and promising section 
of the Mesozoic era. In 1967 Wilson, Carpenter, and 
Brown (1967a,b) were fortunate enough to acquire the first 
ant remains of Cretaceous age. The species, Sphecomyrma 
freyi and the new subfamily founded on it (Sphe- 
comyrminae), were described from two well-preserved 
workers in New Jersey (United States) amber dating to 
the lowermost portion of the upper half of the Cretaceous 
age (see frontispiece). The age of the specimens was esti- 
mated to be about 100 million years, or nearly twice that 
of the Baltic amber ants. Sphecomyrma displays most of 
the characteristics earlier projected for the hypothetical 
ancestor of the ant from morphological studies of the rest 
of the Formicidae, as illustrated in Figure 4-7. It departs 
in only one important regard: its petiole is ant-like, while 
its mandibles are wasp-like—that is, very short and bear- 
ing only two teeth. We had expected just the reverse. We 
had guessed that the mandibles, which are the principal 
working tools of the worker ant and which vary to an 
extreme degree within the living Formicidae in ways 
correlated with food habits, would have been altered from 
the primitive wasp condition early in the evolution of the 
group. Also, there is a tribe of living ponerine ants, the 
Amblyoponini, in which the mandibles are modified but 
the petiole is not (see Figure 4-8). 

This second piece of contrary evidence created a seem- 
ingly insoluble problem in the reconstruction of early ant 
phylogeny. The problem can be most clearly phrased in 
terms of the following abstract question. How is it possible 
for an ancestral form, in our case the proformicid wasp, 
to possess two primitive character states a and b, then to 
give rise to an annectant form (Sphecomyrma) with one 
derived state a’, and one original state b, finally for the 
annectant form to give rise to a more advanced group (the 
Amblyoponini) with the reversed set of character states, 
a and b’? The only way out seems to be to assume that 
the Amblyoponini, which are the most primitive known 
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FIGURE 4-7. Comparison of the worker of Sphecomyrma 

` freyi, the first ant of Mesozoic age discovered, with the hypo- 
thetical ancestor projected from earlier morphological studies. 
The principal character states are indicated, and the trivial de- 
tails in the hypothetical ancestor, which could not be guessed 
in advance, are made the same as in Sphecomyrma solely for 
convenience (from Wilson, Carpenter, and Brown, 1967a). 


members of the poneroid complex, and Sphecomyrma, 
which is the probable antecedent of the myrmecioid com- 
plex, represent independent derivations from the proto- 
formicid Tiphiidae. In other words, the ants may have 
originated twice in evolution. The possibilities are indi- 
cated in Figure 4-9. Of course, we are in no position to 
know about the degree of sociality of Sphecomyrma, so 
that the moment of origin of eusociality in the Mesozoic 
era and the number of times it originated independently 
remain matters for conjecture. 

Whatever the source of the Amblyoponini as opposed 
to the remainder of the poneroid complex, Sphecomyrma 
freyi forms an excellent connecting step between the 
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Myrmeciinae and the nonsocial wasps of the family 
Tiphiidae. The similarities between Sphecomyrma and the 
tiphiid genus Methocha (Figure 4-10) are particularly 
close. The conditions under which eusociality might have 
arisen in the early ants will be discussed at greater length 
later in this chapter. 


The Taxonomy of Ants 


The taxonomy of the world ant fauna is still relatively 
inadequate. There are, to begin with, few useful regional 
monographs. Creighton’s (1950) review of the ants of 
North America north of Mexico is one of the best, and 
it has the added distinction of being the first major work 
to dispense with the clumsy and meaningless polynomials 
that plagued ant taxonomy for a hundred years. Creighton 
substituted a much simpler and more efficient system of 
binomials and trinomials based on modern population 
concepts (for example, “Camponotus herculeanus pennsyl- 
vanicus var. whymperi” was placed as a synonym under 
Camponotus herculeanus). Bernard (1968) has made a 
similar valuable revision of the ants of Europe. Other 
useful regional works include compendiums by Gallardo 
(1916-1932) and Arnold (1915-1926) on the ants of 
Argentina and South Africa, respectively; the pioneering 
but fragmentary work by Wheeler (1922) on the fauna 
of Africa south of the Sahara and the Malagasy Region*; 
the old but still useful review of the ants of India by 
Bingham (1903); and monographs on the ants of Puerto 
Rico by M. R. Smith (1936a), of New Zealand by Brown 
(1958), and of Polynesia as a whole by Wilson and Taylor 
(1967). The fauna of New Guinea and surrounding islands 
has been reviewed in part by Wilson (1959a and included 
references). Individual taxa revised in recent years include 
the primitive Australian genus Myrmecia (Clark, 1951; 
Brown, 1953a); the ponerine tribes Amblyoponini, Platy- 
thyreini, Ectatommini, and Typhlomyrmecini (Brown, 
1960a, 1965, and included references); the genus Ponera 
(Taylor, 1967); the New World doryline army ants 
(Borgmeier, 1955); the doryline army ants of Asia and 
Australia (Wilson, 1964); the myrmicine harvesting ants 
of the genus Pogonomyrmex in North America (Cole, 


*The massive work in which Wheeler’s articles appear (Bull. Amer. 
Mus. Nat. Hist., 45: 1-1139; 1922), along with contributions on the 
biology of African ants by I. W. Bailey, J. C. Bequaert, W. M. Mann, 
and F. Santschi, is lightly referred to by ant taxonomists as the Congo 
Bible. 
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1968); most sections of the large myrmicine tribe Dacetini 
(Brown, 1948, 1952, 1953c,d, 1959, 1964a, and contained 
references); the myrmicine tribes Solenopsidini (Etter- 
shank, 1966) and Basicerotini (Brown and Kempf, 1960); 
the fungus-growing myrmicine genera Atta (Borgmeier, 
1959), Mycocepurus (Kempf, 1963), and Cyphomyrmex 
(Kempf, 1965); the myrmicine tribe Cephalotini (Kempf, 
1951, 1958); the Aneuretinae (Wilson et al, 1956); the 
myrmicine genus Crematogaster of North America (Buren, 
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1958, 1968b); the dolichoderine genus Monacis (Kempf, 
1959); and the formicine genera Notoncus (Brown, 1955a), 
Lasius (Wilson, 1955a), and Acanthomyops (Wing, 1968). 
Ant larvae have been systematically described by G. C. 
and Jeanette Wheeler (1951-1965 and included refer- 
ences). The generic characteristics of male ants in the 
North American fauna have been treated by M. R. Smith 
(1943). These studies, along with other, smaller revisions 
too numerous to list here, cover only a small part of the 


FIGURE 4-8. A worker of the primitive ant Amblyopone australis stands over a pupa (enclosed in its cocoon) and an assortment of 
eggs and larvae. The broad posterior attachment of the petiole (a primitive trait) and heavy, elongate mandibles (an advanced trait) 
can be seen clearly in this individual. In the upper left and lower right corners of the photograph, larvae feed by thrusting their mandi- 
bles directly into the bodies of the insect prey (photograph courtesy of R. W. Taylor). 
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FIGURE 4-9. Phylogenetic diagram of the simple branching form, showing the inferred relationships of 
the subfamilies of ants. The possible dual origin of eusociality during the early evolution of the ants is indi- 


cated (from Wilson, Carpenter, and Brown, 1967a). 


world fauna. The tropical groups are especially poorly 
known. A key to the genera of the world has been pre- 
sented by Wheeler (1922), who based it in large part on 
Carlo Emery’s earlier key (1902) and genus-level review 
in the Genera Insectorum (1910-1925), but it is cumber- 
some in use and has grown increasingly out of date. The 
cytotaxonomy of ants, which is a young but potentially 
very important subject, has been reviewed by Elisabeth 
Hauschteck (1963) and Crozier (1968). A perceptive and 
entertaining history of ant taxonomy has been written by 
Brown (1955b). 


Culturing and Observational Techniques 


The culture and study of ants in the laboratory is a 
simple operation. Colonies of many species can be main- 


tained in nothing more than a bottle containing the natu- 
ral nesting material (for example, soil or decaying wood) 
or even a thick pad of moist paper or cotton. Ants are 
generally very adaptable and will conduct most of their 
normal activities under conditions more favorable to the 
observer than to them. Ideally, however, the artificial nest 
should be constructed so that the dimensions and micro- 
climate of the nest chambers closely simulate those in the 
wild, the brood chambers should be kept dark or in red 
light, and the colonies should have a constant food source 
in a foraging arena apart from the nest. Some species 
require special food. Many dacetine species, for example, 
accept only collembolans, while fungus-growing ants need 
to be provided with substratum suitable for culturing their 
special kinds of fungi. A variety of culturing methods 
adaptable to most kinds of ants are described in the 
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popular books by Wheeler (1910) and Skaife (1961). 
Freeland (1958) invented an excellent vertical observation 
nest for Myrmecia and other very large ants. Wilson 
(1962a) designed a plastic nest which serves for the simul- 
taneous observation of large colonies inside and outside 
the nest during foraging activity. A completely defined 
synthetic diet for ants has been invented by Ettershank 
(1967), while diets and several mass culturing techniques 


for various ant species have been reviewed by Carney 
(1970). 


The Natural History of the Primitive Ants 
of the Genus Myrmecia 


The “bull-dog ants” of the genus Myrmecia have proven 
to be exceptionally rewarding subjects for the study of 
social biology in several respects. They are among the 
largest ants, workers ranging in various species from 10 
to 36 mm in length, and yet are easy to culture in the 
laboratory. They are also, next to Nothomyrmecia and 
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perhaps Amblyopone, the most primitive of the living ants. 
The first encounter with foraging Myrmecia workers in the 
field in Australia is always a memorable experience for 
an entomologist. One gains the strange impression of a 
wingless wasp just on its way to becoming an ant: “In 
their incessant restless activity, in their extreme agility and 
rapidity of motion, in their keen vision and predominant 
dependence on that sense, in their aggressiveness and 
proneness to use the powerful sting upon slight provoca- 
tion, the workers of many species of Myrmecia and 
Promyrmecia show more striking superficial resemblances 
to certain of the Myrmosidae or Mutillidae than they do 
to higher ants” (Haskins and Haskins, 1950a). According 
to Brown (1953a), Myrmecia and Promyrmecia should be 
joined on morphological grounds into a single genus. 
Thus enlarged, Myrmecia contains approximately 120 
species, all of which are limited to Australia except for 
a single representative on the island of New Caledonia 
(M. apicalis). 

Through the efforts of Wheeler (1933a), Clark (1934 and 


FIGURE 4-10. Adults of the tiphiid wasp Methocha fimbricornis (left, female; right, male), a represen- 
tative of the living genus of nonsocial wasps that bear the closest resemblance to Sphecomyrma freyi and 
through it to the more advanced ants of the myrmecioid complex. This species occurs in the Philippine 


Islands (from F. X. Williams, 1919). 
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contained references), Haskins and Haskins (1950a), and 
Freeland (1958), we have begun to assemble much infor- 
mation concerning the natural history of the genus. Un- 
fortunately, no single species has been studied in any great 
depth, making it necessary to piece together the following 
account from scattered reports on several species. 

The colonies of Myrmecia are moderate in size, con- 
taining from a few hundred to somewhat over a thousand 
workers. The nests are typically excavated in the soil and 
consist of a primarily vertical array of well-formed, large 
galleries and chambers that extend to a depth of 1-2 m. 
There is a single large entrance hole, often surrounded 
by a shallow, crater-like ring of excavated soil or a large 
mound. At least one species, M. mjobergi, nests in epi- 
phytes in the Queensland rain forests. 

The workers usually hunt singly over the ground and 
on low vegetation. They capture a wide variety of living 
insect prey, which they cut up and feed directly to the 
larvae. These ants are formidable predators, able, for 
example, to haul down and paralyze honeybee workers. 
They also collect nectar from flowers and extrafloral 
nectaries, which appears to be the main article in their 
diets when the nest is without larvae. In most species the 
queens are winged when they emerge from the pupae, 
whereas the workers are smaller and wingless. Interme- 
diates between the two castes normally occur in some 
species, and occasionally the usual queen caste has been 
replaced either by ergatogynes with reduced thoraxes 
(froggatti, midas, nobilis, rogeri, and others) or by mixtures 
of ergatogynes and brachypterous queens (rectidens, 
tarsata). In M. gulosa, a species typical of the larger 
Myrmecia in many respects, the worker caste is differen- 
tiated into two subcastes. In a single large colony collected 
by the Haskins, the head width of the workers varied 
between 2.1 and 4.5 mm, this size variation being accom- 
panied by slight allometric changes in the proportions of 
the body. The size-frequency distribution was strongly 
bimodal and overlapping. (Chapter 8 can be consulted for 
a fuller discussion of allometry and frequency distribu- 
tions as qualities of ant polymorphism.) The larger 
workers do most or all of the foraging, while the smaller 
ones devote themselves principally to brood care. In some 
other species of Myrmecia, particularly the smaller species 
formerly grouped under Promyrmecia, the worker caste 
is monomorphic. 

In most of the larger species of Myrmecia (for example, 
pyriformis, nigriscapa, gulosa, forficata, and sanguinea), the 
virgin queens and males leave their nests and emerge 
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during a spectacular mass nuptial flight. The following 
account of this behavior in M. sanguinea was quoted by 
Wheeler (1916a) from the notes of W. W. Froggatt: 


On January 30th, after some very hot, stormy weather, while 
I was at Chevy Chase, near Armidale, N.S.W., I crossed the 
paddock and climbed to the top of Mt. Roul, an isolated, 
fiat-topped, basaltic hill, which rises about 300 feet above the 
surrounding open, cleared country. The summit, about half an 
acre in extent, is covered with low “black-thorn” bushes 
(Bursaria spinifera). I saw no signs of bull-dog ant nests till I 
reached the summit. Then I was enveloped in a regular cloud 
of the great winged ants. They were out in thousands and 
thousands, resting on the rocks and grass. The air was full of 
them, but they were chiefly flying in great numbers about the 
bushes where the males were copulating with the females. As 
soon as a male (and there were hundreds of males to every 
female) captured a female on a bush, other males surrounded 
the couple till there was a struggling mass of ants forming a 
ball as large as one’s fist. Then something seemed to give way, 
the ball would fall to the ground and the ants would scatter. 
As many as half a dozen of these balls would keep forming 
on every little bush and this went on throughout the morning. 
I was a bit frightened at first but the ants took no notice of 
me, as the males were all so eager in their endeavors to seize 
the females. 


Similar mass flights have been reported in several other 
subfamilies of ants. Ground swarms and balling behavior 
in males occur in the formicine genus Notoncus (Brown, 
1955a), and ground swarms without balling have been 
reported in some species of Prenolepis and Formica (Kan- 
nowski, 1963). Deviations from the basic pattern occur 
within Myrmecia also, but they evidently represent derived 
states associated with the loss of the power of flight in 
the virgin queens. In M. tarsata, for example, most of the 
female reproductives are much like workers and in fact 
seem to differ from true workers almost solely in their 
larger size. The males and ergatoid queens leave the nests 
together, with the males flying off into the air and the 
queens merely crawling away over the ground. During a 
subsequent period of wandering that may last for several 
weeks, the queens are found and fertilized by the males 
(Haskins and Haskins, 1950a). 

After being inseminated, the queen excavates a well- 
formed cell in the soil under a log or stone and commences 
rearing the first brood of workers. In 1925 Clark made 
the important discovery, later confirmed and extended by 
Wheeler (1933a) and Haskins and Haskins (1950a), that 
the queens do not follow the typical “claustral” pattern 
of colony founding seen in higher ants. That is, they do 
not remain in the initial cell and nourish the young en- 
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tirely from their own metabolized fat bodies and alary 
muscle tissues. Instead, they periodically emerge from the 
cells through an easily opened exit shaft and forage in 
the open for insect prey (see Figure 4-11). This “partially 
claustral” mode of colony foundation, which is now known 
to be shared with most of the Ponerinae, is regarded as 
a holdover from a more primitive form of progressive 
provisioning employed by the nonsocial tiphiid ancestors. 
The following chronicle of colony foundation by a queen 
of M. forficata, made in 1947 by Haskins and Haskins 
(1950a), is typical for the genus. 


August 15. The newly mated queen is placed in an 

observation nest. She excavates a typical 

chamber shortly thereafter and retires into 

it, emerging regularly at night to forage. 

September 3. Eight eggs are seen in the nest. 

September 29. A group of small, newly hatched larvae 
are observed feeding on a fragment of 
mealworm, which has been carried into 
the nest by the female. 


October 4. Four larvae, apparently about one-quarter 
grown, are now present. 

October 28. One small but perfect cocoon and two 

apparently half-grown larvae are present. 

October 29. ` The first brood now consists of a pupa in 

~ a cocoon, one larva, and one larva banked 

with earth and in the process of spinning. 

October 31. Three pupae in cocoons are present in the 


nest. 

November 8. Three pupae in cocoons are still present 
and have been removed to the driest por- 
tion of the chamber excavated by the 
queen, who guards them closely. 

December 12. A small but perfect worker has eclosed 
from the first cocoon. 

December 16. A second small worker has eclosed from 
a cocoon. (The third pupa failed to eclose). 


As Haskins and Haskins stress, Myrmecia displays a 
mosaic of primitive and advanced traits in its social biol- 
ogy. In Table 4-2 I have classified much of the recorded 
behavioral traits according to this simple dichotomy. It 
must be added at once that this effort at a synthesis is 
no more than a set of phylogenetic hypotheses. The 
“higher ants” with which Myrmecia is compared are all 
the living subfamilies except the Myrmeciinae and 
Ponerinae. The last two taxa, which are the most primitive 
living subfamilies of the myrmecioid and poneroid com- 
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FIGURE 4-11. A queen of Myrmecia regularis is shown in 
the act of founding a colony. From time to time the queen re- 
moves the plug in the entrance gallery (outlined in dashed lines 
in this semidiagrammatic view) and leaves the nest to forage 
for insect food. This behavior is referred to as the “partially 
claustral” mode of colony foundation. The nest is also 
equipped with a lower escape chamber (from Wheeler, 1933a). 


plexes respectively, share some (but not all) of the primi- 
tive traits listed for Myrmecia. 

Myrmecia behavior is well advanced into the euso- 
cial level in most essential features, yet marked by a 
residue of primitive traits which gives us an indistinct and 
tantalizing view of what the behavior of the sphecomyr- 
mine and presphecomyrmine ancestors must have been 
like. We will return to this aspect of the subject later in 
the chapter. 


The Natural History of a Typical “Higher” 
Ant, Myrmica rubra 


I have selected Myrmica rubra* to follow Myrmecia 
because it displays a life cycle typical in its essential aspects 
for the majority of the higher ant species or, to be more 


* M. rubra was often erroneously referred to as M. laevinodis prior 
to Yarrow’s (1955a) and Collingwood’s (1958) revision of the British 
species of Myrmica. A related species, M. ruginodis (= M. rubra of some 
authors), has also been the subject of numerous studies in recent years. 
It is unfortunate that this important pair of species should have been 
involved in such a confusing nomenclatural tangle. 
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TABLE 4-2. Behavioral and other traits of Myrmecia. 


Primitive traits 


1. Multiple queens occur in many nests 
2. The eggs are spherical and lie apart from one another on the 
nest floor 
. The larvae are fed directly with fresh insect fragments 
. The larvae are able to crawl short distances unaided 
. The adults are highly nectarivorous and collect insects 
mainly as food for the larvae 
6. Transport of one adult by another is rare, awkward in execu- 
tion, and not accompanied by tonic immobility on the part 
of the transportee 
7. There is neither recruitment among workers to food sources 
nor any other apparent form of cooperation during foraging 
8. Alarm communication is slow and inefficient; the nature of 
the signal is still unknown 
9. Colony founding is only partially claustral 
10. When deprived of workers, nest queens can revert to colony- 
founding behavior, including foraging above ground 
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Advanced traits also found in higher ants: 


1. The queen and sterile worker castes are very distinct from 
each other, and intermediates are rare 
2. Worker polymorphism occurs in many species, manifested 
as the coexistence of two well-defined worker subcastes 
3. The colonies are moderately large and the nests regular and 
fairly elaborate in construction 
4. Regurgitation occurs both among adults and between adults 
and larvae 
. Adults groom each other as well as the brood 
. Trophic eggs are laid by the workers and fed to other workers 
and the queen 
7. The workers cover the larvae with soil just prior to pupation, 
thus aiding them in spinning cocoons; and they assist the 
newly eclosed adults in emerging from the cocoons 
8. Nest odors exist and territorial behavior among colonies is 
well developed 
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specific, for most of the representatives of the Myrmicinae, 
Pseudomyrmecinae, Dolichoderinae, and Formicinae so 
far studied. Also, thanks to the large population sizes 
attained by many species of Myrmica in the North Tem- 
perate Zone, this genus has been one of the most inten- 
sively studied of all ant groups. 

On morphological grounds Myrmica is a relatively 
primitive genus within the Myrmicinae. It is similar in 
many respects to Hylomyrma, an obscure genus comprised 
of several species found in the rain forests of the American 
tropics. Hylomyrma in turn has certain similarities to 
Agroecomyrmex duisburgi of the Baltic amber, the appar- 
ent connecting link between the ponerine tribe Ectatom- 
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mini and the Myrmicinae.* Myrmica consists of about 30 
species limited to the North Temperate Zone of Europe, 
Asia, and North America (Weber, 1947, 1948). It reaches 
its southern limits in the foothills of the Himalayas and 
the mountains of Mexico. A single species (M. longi- 
spinosa) is known from the Baltic amber. The great ma- 
jority of the living species occur in Europe and Asia. 

According to Donisthorpe (1915), Elisabeth Skwarra 
(1929), Gôsswald (1932), and other authorities who have 
studied Myrmica closely in the field in Europe, M. rubra 
occurs primarily along woodland trails and borders and 
less frequently along hedgerows, in fields, and in gardens. 
Its nests are usually built under flat stones, but a few, 
perhaps ten or twenty percent of the total, are constructed 
in dead stumps or in the open soil in wet, grassy places. 
The workers attend many kinds of aphids for their honey- 
dew, and at least some of the species are protected within 
the ants’ nests. The ants also capture small insects, al- 
though this aspect of their behavior has not been carefully 
studied in the field. Winged forms occur in the nests from 
June to September, with the largest numbers accumulating 
just before the nuptial flights in late August or September. 
The flights are spectacular mass events. The males collect 
in swarms over trees, tall buildings, and other prominent 
landmarks, and the queens fly in among them to be mated. 
Donisthorpe recounts one such flight as seen from a 
uniquely British viewpoint by an earlier observer: 
“Farren-White in 1876 observed a swarm of ants near 
Stonehouse rising and falling over a small beech tree. The 
effect of those in the air—gyrating and meeting each other 
in their course, as seen against the deep blue sky— 
reminded him of the little dodder, with its tiny clustered 
blossoms and its network of ramifying scarlet threads, over 
the gorse or heather at Bournemouth. He noticed the 
swarm about thirty paces off, and it began to assume the 
appearance of curling smoke; at forty paces he could quite 
imagine the tree to be on fire. At fifty paces the smoke 
had nearly vanished into thin air.” 

After the nuptial flight, the queen sheds her wings and 
excavates a cell in the soil or rotting log which she seals 
off completely from the inside. During the following 
spring she lays a small batch of eggs, which may or may 
not give rise to workers that summer. If they do not reach 


*Brown and Kempf (1967) have discovered another living genus from 
Costa Rica, Tatuidris, which is even closer to Agroecomyrmex in the 
structure of its pedicel. But this form is also distinguished by a bi- 
zarre—and obviously derived—mandibular structure. 
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the adult worker stage by October, they hibernate through 
the winter as larvae in the third, or final, larval instar 
(Brian, 1951a). Thus a queen must sometimes wait for 
nearly two years to obtain worker assistance. Yet, during 
all this time, she remains sealed in her initial nest cham- 
ber. She apparently obtains sustenance for herself and the 
first brood solely by the dissolution and metabolism of 
her own fat bodies and flight muscles in the manner of 
the queen of Lasius niger, so well documented by Janet 
(1907). 
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With the appearance of the first workers, the colony 
enters what Brian (1957a) has termed the “juvenile” 
period of its growth. This is a period of extremely slow 
increase. In seven years only about 300 workers are added. 
Then the colony growth spurts toward full maturity, add- 
ing about 600 workers in two more years. The latter period 
(the “adolescent” period) sees the first production of males 
but no virgin females. Finally, in the later, “mature” 
period, virgin queens are also produced. Since they and 
the males now leave the nest on nuptial flights, they add 


FIGURE 4-12. A view inside the earthen nest of a colony of the primitive ant Myrmecia gulosa (to the left is the mother queen and a 
male; to the right is a worker laying a trophic egg while another worker offers one of its own trophic eggs to a larva). Queen-laid eggs, 
which will be permitted to hatch, are scattered singly over the nest floor. To the rear of the chamber are three cocoons containing 
pupae of the ants (original drawing by Sarah Landry, based on Wheeler, 1933a; Haskins and Haskins, 1950a; and Freeland, 1958). 
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nothing to the growth of the colony. Consequently their 
production, together with limitations on the egg-laying 
capacity of the queen herself, puts a brake on further 
colony growth. Because maturity of the colony comes so 
late in the life of the founding queen, eight to ten years 
after the nuptial flight, the colony can produce queens and 
males for only a few more years before the queen dies. 
If she is not replaced by another queen through adoption, 
the colony will then die out altogether. 

The colonies of most ant species, in all subfamilies 
except the Dorylinae and Cerapachyinae, appear to pass 
through life cycles basically similar to that of Myrmica. 
There is a great deal of variation in the duration of the 
various growth periods, but the scarcity of exact time 
measurements in the literature prevents any further gen- 
eralization concerning the matter. 

The seasons of the cold temperate zone impose a strict 
regime on the Myrmica colonies which is reflected in 
annual cycles in every aspect of their biology (Brian, 
1957b). For example, two brood cycles (from egg to adult) 
run concurrently through the growing season. They are 
so phased that eggs and pupae occur together and larvae 
hatch from the eggs while the new workers are eclosing 
from the pupae. Dephasing experiments performed by 
Brian on laboratory colonies, in which this scheduling was 
altered by creating new mixtures of growth stages, failed 
to produce any evidence of intrinsic controls. Instead, the 
brood rhythm seems to be paced simply by the inde- 

' pendent effects of temperature on the queen and on the 
brood. In the spring, the warming of the nest causes the 
queen to lay a burst of eggs at about the same time the 
hibernated larvae are preparing to pupate. As fall ap- 
proaches, egg laying ceases and the larvae enter diapause 
in the third instar. Consequently, by the time cold weather 
finally inactivates the colony, all of the brood has halted 
development in the larval stage. The following spring the 
diapause is broken, the larvae proceed to complete their 
growth and pupate, the queen starts to lay a new batch 
of eggs, and the new annual cycle begins. The same cycle 
occurs in M. ruginodis (see Chapter 8), where its role in 
caste determination has been documented by Brian and 
his associates. 


The Natural History of a Higher Ant with a 
Modified Life Cycle, Monomorium pharaonis 


Pharaoh’s ant is a prime example of a species that has 
abandoned the nuptial flight and territorial boundaries 
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among colonies and adopted budding as the mode of 
colony multiplication. Similar modifications involving 
partial or total substitution of budding for the nuptial 
flights occur in a few other higher ants, for example, 
Monomorium floricola, the dolichoderines Iridomyrmex 
humilis and Tapinoma melanocephalum, and members of 
the Formica exsecta group (M. R. Smith, 1936b; Creigh- 
ton, 1950). 

Monomorium isa large, relatively specialized myrmicine 


genus that occurs throughout the tropical and warm tem- 


perate parts of the world. M. pharaonis, a native of Africa, 
has been inadvertently spread by human commerce to 
nearly every part of the world. In tropical climates it nests 
in plant cavities out of doors. In cold climates, however, 
it also thrives in greenhouses and in the walls of houses, 
where it is often a pest. In fact, the abandonment of the 
nuptial flight and of territorial boundaries has clearly 
preadapted this species for just such a “tramp” existence 
in close association with man. 

Because of its status as a household pest in Great Brit- 
ain, M. pharaonis was made the object of a special study 
by a team of entomologists at the University of St. 
Andrews under the direction of A. D. Peacock (Peacock, 
Hall, Smith, and Goodfellow, 1950; Peacock, Waterhouse, 
and Baxter, 1955). These investigators found that the 
Pharaoh’s ants exist in Scotland as little groups scattered 
through the crevices and cavities of walls in houses. In 
one sample of seven groups collected at random from a 
single building, the worker population ranged from 150 
to 2,000 and that of the wingless queens from 2 to 110. 
But since there are no distinct colony boundaries, all the 
individuals infesting such a building can be regarded as 
one large colony if the groups are at least joined by odor 
trails, in which case the “colony” can contain up to mil- 
lions of workers and thousands of queens. 

The workers are nearly omnivorous, feeding on small 
insects, greasy food particles of many kinds, and sugar. 
By means of odor trails, single scout workers are able to 
recruit large numbers of their nestmates to food finds in 
a matter of minutes. 

“Colony” multiplication occurs when groups of workers 
carrying brood migrate to new nest sites. Although the 
proximate stimuli have not been identified, the swarming 
behavior is evidently triggered in some way by over- 
crowding of the workers in the nest chambers. As Peacock 
et al. (1950) express it, “Large and flourishing artificial 
colonies have been seen suddenly to develop a state of 
excitement in which the workers forsake the nest cells, 
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feverishly swarm all over the inside of the container and 
remove the pre-adult stages to other sites . . . This behav- 
iour to all appearances is the result of overcrowding, and 
sub-culturing restores quiet.” 

When a new site is discovered, the ants move to it en 
masse along odor trails laid by scout workers from the 
tips of their abdomens. All that is needed to start a new 
colony is a group of about 50 or more workers and about 
the same number of immature stages. If the immature 
stages are not taken along, the colonization attempt fails. 
Even more surprising, queens are not necessary for colo- 
nization. If the founding group is queenless, the workers 
rear queens and males from the available brood, and these 
individuals then mate within the nest. 

Although winged queens and males are produced in 
small numbers the year round, nuptial flights apparently 
never occur. When a virgin queen is isolated with a group 
of workers, her offspring are all males until she is able 
to be fertilized—usually by one of her own sons. 

The reproductive strategy adopted by Monomorium 
pharaonis has an obviously important consequence at the 
population level: the species has greatly restricted its 
degree of outbreeding and its power of active dispersal. 
Associated with this restriction, and possibly stemming as 
a direct consequence of it, territorial behavior has been 
reduced or lost. In exchange, the species has acquired the 
power to saturate and dominate the special, local habitats 
to which it is best suited. 


The Natural History of the Fungus-growing 
Ants (Tribe Attini) 


Members of the myrmicine tribe Attini share with 
macrotermitine termites and certain wood-boring beetles 
the sophisticated habit of culturing and eating fungi. The 
Attini are a morphologically distinctive group limited to 
the New World, and most of the 11 genera and approxi- 
mately 200 species occur in the tropical portions of Mexico 
and Central and South America. It is conceivable that 
fungus growing orginated only once in a single ancestral 
attine living in South America during that continent’s long 
period of geological isolation from late Mesozoic times to 
approximately four million years ago. The virtual lack of 
ant fossils from South America has so far prevented us 
from testing this conjecture or making any confident in- 
ferences whatever concerning the early biogeography of 
the Attini. In Africa, southern Asia, and other parts of 
the Old World tropics, the Attini are replaced by fungus- 
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growing termites (Macrotermitinae), that do not occur in 
the New World. We cannot be sure whether this comple- 
mentary global pattern is due to a mutual preemption 
involving competitive exclusion of one group by another 
or whether it is simply one more accidental outcome 
reflecting the extreme rarity of the evolutionary origin of 
fungus gardening. I am inclined to believe that the latter 
is the case, meaning that if attines were to be introduced 
today into the range of the macrotermitines, or vice versa, 
the two kinds of insects could coexist with little interfer- 
ence. This is possible because attines utilize insect excre- 
ment and fresh plant material, for the most part, while 
the macrotermitines use dead plant material. Also, ants 
forage above ground, often even in trees, while termites 
are primarily subterranean. 

The Attini are an enormously successful group where 
they exist. One species, Trachymyrmex septentrionalis, 
ranges north to the Pine Barrens of New Jersey, while in 
the opposite direction several species of Acromyrmex 
penetrate to the cold temperate deserts of central Argen- 
tina. In the vast subtropical and tropical zones that lie 
between, attines are among the dominant ants. Many of 
the species gather pieces of fresh leaves and flowers to 
nourish the fungus gardens, and Atta and Acromyrmex 
rely on this source exclusively. Since they attack most 
kinds of vegetation, including crop plants, they are serious 
economic pests. The species of Atta in particular are 
among the scourges of tropical agriculture. They are fa- 
miliar to local inhabitants as the wiwi in Nicaragua and 
British Honduras, the bibijagua in Cuba, the hormiga 
arriera in Mexico, the bachac in Trinidad, the bachaco in 
Venezuela, the saúva in Brazil, the cushi in Guyana, the 
coqui in Peru, and the leaf-cutting or parasol ant in most 
English-speaking countries, the last name alluding to the 
fact that an Atta worker holding a leaf fragment over 
its head gives the impression of carrying a parasol. 
The problems of agriculture in Atta country have been 
humorously epitomized in the following anecdote by 
V. Wolgang von Hagen, in connection with his attempt 
to grow a vegetable garden in British Honduras: 


My Indian servants, dusky, kinky-haired Miskito men, lamented 
all this work. It was useless, quoth a toothless elder, to plant 
anything but bananas or manioc, as the Wiwis were sure to cut 
off all the leaves. Without the slightest encouragement the 
Miskito Indians would launch forth on the tales of the ravages 
of the Wiwi Laca, but unswayed by the illustrations, like Pan- 
gloss I could only remark that all this was very well but let us 
cultivate our garden. In two weeks the carrots, the cabbages, 
the turnips were doing well. The carrots had unfurled their 
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fernlike tops, the cabbage grew as if by magic. From our small 
palm-thatched house my wife and I cast admiring eyes over our 
jungle garden. Our mind called forth dishes of steaming vege- 
tables to replace dehydrated greens and the inevitable beans 
and yucca. Even the toothless Miskito elder came by and ad- 
mitted that white man’s energy had overcome the lethargy of 
the Indian. Then the catastrophe fell upon us. We arose one 
morning and found our garden defoliated: every cabbage leaf 
was stripped, the naked stem was the only thing above the 
ground. Of the carrots nothing was seen. In the center of the 
garden, rising a foot in height, was a conical peak of earth, and 
about it were dry bits of earth, freshly excavated. Into a hole 
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in the mound, ants, moving in quickened step, were carrying 
bits of our cabbage, tops of the carrots, the beans—in fact our 
entire garden was going down that hole. I could see the grinning 
face of the toothless Miskito Indian. The Wiwis had come. 


What happens to the vegetation after the wiwis have 
carried it down their holes is a fascinating story that has 
been worked out through many decades of research. Bates, 
in his book The Naturalist on the River Amazons (1863), 
suggested that the ants use the leaves “to thatch the domes 
which cover the entrances to their subterranean dwellings, 


FIGURE 4-13. A young colony of Atta sexdens on its fungus garden. Most of the workers belong to the minor and small media sub- 
castes and are dwarfed by the huge queen. A single large media can be seen just above the head of the queen (from Weber, 1966). 
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thereby protecting from the deluging rains the young 
broods in the nests beneath.” Other early observers be- 
lieved that the leaves are eaten or used to maintain a 
constant nest temperature by heat of fermentation. 
Thomas Belt was the first to surmise the far stranger truth. 
In The Naturalist in Nicaragua (1874) he described the 
garden chambers deep within the Arta nests as being 
“always about three parts filled with a speckled brown, 
flocculent, spongy-looking mass of a light and loosely 
connected substance. Throughout these masses were nu- 
merous ants belonging to the smallest division of the 
workers, and which do not engage in leaf-carrying. Along 
with them were pupae and larvae, not gathered together, 
but dispersed, apparently irregularly, throughout the 
flocculent mass. This mass, which I have called the ant- 
food, proved, on examination, to be composed of minutely 
subdivided pieces of leaves, withered to a brown colour, 
and overgrown and lightly connected together by a minute 
white fungus that ramified in every direction throughout 
it... That they do not eat the leaves themselves I con- 
vinced myself; for I found near the tenanted chambers 
deserted ones filled with the refuse particles of leaves that 
had been exhausted as manure for the fungus, and were 
now left, and served as food for larvae of Staphylinidae 
and other beetles.” 

It was left to Alfred Moeller (1893) to observe for the 
first time the actual eating of the fungi. He found that the 
tips of the hyphae produce peculiar spherical or ellipsoidal 
swellings (Figure 4-14) which are plucked and eaten. 
Moeller called these objects “heads of Kohlrabi” because 
of their fancied resemblance to the vegetable. Later 
Wheeler relabeled them gongylidia (singular: gongylid- 
ium), and this name has stuck.* The gongylidial clusters 
of Atta, averaging about half a millimeter in diameter, 
are also fed to the larvae. As fresh leaves and other plant 
cuttings are brought into the nest, they are subjected to 
a process of degradation before being inserted into the 
garden substratum. First the ants lick and cut them into 
pieces 1-2 mm in diameter. Then they chew the fragments 
along the edges until the pieces become wet and pulpy, 
sometimes adding a droplet of clear anal liquid to the 
surface. Then, using side to side movements of the fore 
tarsi, they carefully insert the fragments into the sub- 


*A group of gongylidia, to complete the modern terminology, is 
sometimes referred to as a staphyla (plural: staphylae), while a piece 
of the peculiar morel-like fungus of Cyphomyrmex rimosus is called a 
bromatium. 
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FIGURE 4-14. Hyphae with inflated tips (“gongylidia”) of 
the fungus eaten by A, Atta colombica, and B, Trachymyrmex 
jamaicensis. The gongylidia are each 30-50 p in diameter (re- 
drawn from Weber, 1966). 


stratum. Finally, as Weber (1956) has more recently 
discovered, the ants pluck tufts of mycelia from other parts 
of the garden and plant them on newly formed portions 
of the substratum. A newly inserted single leaf section 
l mm in diameter receives up to ten such tufts in five 
minutes. The transplanted mycelia grow rapidly, as much 
as 13 y in length per hour. Within 24 hours they cover 
most of the substratal surface. 

After Moeller’s pioneering observations, many ento- 
mologists set out to trace the life cycle and biology of Atta 
in detail. Forel, Goeldi, Huber, von Ihering, and Wheeler, 
all of whose publications are exhaustively reviewed in the 
classic 1907 study of the North American Attini by 
Wheeler, and, in more recent years, Autuori, Bitancourt, 
Bonetto, Borgmeier, Eidmann, Geijskes, Gongalves, 
Jacoby, Kerr, Moser, Stahel, and Weber, whose work has 
been reviewed by Weber (1966), each made significant 
contributions. Yet, curiously, the single outstanding prob- 
lem of attine biology, the identity and biological qualities 
of the symbiotic fungus, has received relatively little at- 
tention and is still far from being solved. The principal 
difficulty has been the reluctance—indeed, the near in- 
ability—of the fungus to form sporophores, the elaborate 
fruiting structures required for taxonomic diagnosis. Evi- 
dently the ants do not permit the fungi to form the mush- 
rooms or other spore-bearing bodies under natural condi- 
tions. Instead the ants feed exclusively on the special 
gongylidial tips of the elementary mycelial clusters, a 
preference that has evidently resulted in the loss of the 
ability on the part of the fungus to produce sporophores. 
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Reciprocally, the fungi utilize the ants for transport and 
do not have to depend on windborne spores to transfer 
themselves from nest to nest. Although Moeller did not 
clarify this problem in Arta, he was lucky enough to dis- 
cover sporophores growing from abandoned Acromyrmex 
nests on four separate occasions. These proved to be 
agaracine mushrooms, wine-red in color, which Moeller 
formally named Rozites gongylophora. Mycologists have 
since confirmed their placement in the Agaracaceae, but 
transferred the species gongylophora to the genus Leuco- 
coprinus. Subsequent attempts by entomologists to locate 
sporophores in abandoned attine nests and to culture them 
in the laboratory from the gardens of various attine genera 
have only rarely succeeded. Our meager accumulated 
information for all the Attini is summarized in Table 4-3. 
The most notable single advance has been Weber’s (1957a) 


TABLE 4-3. Fungus-growing ants, the material used 
as substrates in their gardens, and the symbiotic fungi 
they culture (based principally on Wheeler, 1907, and 
Weber, 1957a, 1966). 


Species of 
ant Substratum Fungus 
Cyphomyrmex Corpses of other Lepiota sp. 
costatus arthropods, chiefly (Basidiomycetes: 
ants; insect feces; Agaricaceae) 
pieces of fruit; 
probably other 
materials 
Cyphomyrmex Caterpillar feces Tyridomyces formicarum, 
rimosus possibly in the genus 
Daldinia or Xylaria 
(Fungi Imperfecti) 
Myrmicocrypta Dead vegetable matter; Lepiota sp. 
buenzlii insect Corpses (Basidiomycetes: 
Agaricaceae) 
Apterostigma Insect feces; fragments Auricularia sp. 
mayri of dead wood (Basidiomycetes: 
Auriculariaceae) 
Acromyrmex Fresh leaves, stems, Leucocoprinus 
disciger and flowers gongylophora, possibly 
in the genus 
Leucoagaricus or 
Agaricus 
(Basidiomycetes: 
Agaricaceae) 
Atta spp. Fresh leaves, stems, Possibly Leucocoprinus 
and flowers gongylophora 
(Basidiomycetes: 
Agaricaceae) 
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use of a medium of sterile oats to rear Lepiota sporophores 
from mycelia originating from a Cyphomyrmex costatus 
garden. If future mycologists ever succeed in isolating a 
plant hormone that enhances sporophore formation in 
fungi, dramatic further progress can be expected in this 
field. 

A second major, largely unsolved problem is the method 
by which the attines are able to maintain pure cultures. 
When the ants are removed from their nests in the field, 
the deserted gardens are quickly overrun by alien fungi 
belonging to many species. Moeller speculated that ants 
mechanically weed out alien spores and hyphae. Weber 
(1957c) confirmed this hypothesis by direct observation. 
He found that when sporulating alien fungi develop in or 
near the garden the ants retract all of the lower mouth- 
parts and pull out the alien hyphae with their mandibles. 
During this operation they pause frequently to clean their 
fore tarsi and antennae. Weber (1955, 1966) has also 
postulated that ants utilize fungistatic and bacteristatic 
substances originating in the anal and salivary secretions. 
As attractive as this hypothesis seems, it was not con- 
firmed in the careful chemical studies of Atta colombica 
by Martin ef al. (1969; and personal communication). Not 
only did these investigators fail to find any trace of fungi- 
static activities in their fractions, they discovered that the 
reverse is true: amino acids present in the anal fluid 
actually promote fungal growth. The fungus cultured by 
A. colombica lacks the full complement of enzymes neces- 
sary for it to grow well on substrates in which the nitrogen 
is present predominantly as protein. This metabolic limi- 
tation means that the fungus will be at a particularly 
strong competitive disadvantage when required to live on 
such substrates as fresh leaves. The fecal material of the 
ant compensates for the metabolic deficiences of the fun- 
gus, because it contains proteolytic enzymes. Furthermore, 
the nitrogenous excretory products in the fecal fluid, al- 
lantoin, allantoic acid, ammonia, and twenty-one amino 
acids, provide the fungus with a nutrient supplement that 
accelerates its initial growth rate. The application of fecal 
material, together with the weeding activities of the ants, 
seems to enhance the competitive ability of the symbiotic 
fungus to the extent that it can exclude other species. The 
mutualistic association of A. colombica and its fungus is 
thus based on metabolic integration. The ants contribute 
their protein-degrading ability to the fungus, and the 
fungus indirectly contributes its cellulose-degrading ability 
to the ants. Martin and his associates have discovered 
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proteinases in the feces of other species of attines exam- 
ined, namely in two other species of Atta, two of Acromyr- 
mex, one of Trachymyrmex, and one of Sericomyrmex. But 
fecal proteinases are absent or present only in trace 
amounts in the nonattine genera examined, including 
Myrmica, Aphaenogaster, Formica, Lasius, and Polyergus. 

Other evidence concerning the existence of fungistatic 
secretions in ants has been conflicting. Nancy Lind (per- 
sonal communication), using a sensitive technique that 
measures the effect of the contents of single glands on 
hyphal growth, detected slight fungistatic activity in the 
venom of the fire ant Solenopsis saevissima but none in 
other glandular products of this species and no trace at 
all in the secretions of the harvesting ant Pogonomyrmex 
badius. On the other hand, Maschwitz, Koob, and Schild- 
knecht (1970) reported strong fungistatic and antibacterial 
activity in the metapleural gland secretions of Atta sexdens 
and Manica rubida, a nonattine species. The secretion is 
strongly acid, and the single component identified so far 
(in A. sexdens) is phenylacetic acid, of which 1.4 ug is 
present on the average per ant. Maschwitz and his co- 
workers drew the secretory material directly from the 
metapleural gland bullae of many ants, which is clearly 
a more effective collecting technique than Lind’s method 
of crushing single glands. This difference could explain 
why Lind’s results were negative, but no explanation is 
available to explain the contrary negative results reported 
by Martin and his co-workers. 

Fourteen valid species of Atta have been described to 
the present time (Borgmeier, 1959). Insofar as they have 
been studied, their life histories all appear basically simi- 
lar. The nuptial flights of some species, such as the in- 
famous sexdens of South America, take place in the after- 
noon, while texana of the southern United States and a 
few others hold their flights at night (Autuori, 1956; 
Moser, 1967). Because the ponderous females work their 
way high into the air before the males approach them, 
actual matings have not been observed. Nevertheless, Kerr 
(1962a), by counting sperm from the spermathecae of four 
newly mated sexdens queens with the aid of a hemocy- 
tometer, was able to show that each individual is insemi- 
nated by at least three to eight males. The actual estimated 
numbers of sperm varied among the queens he examined 
from 206 to 320 millions, seemingly more than enough 
to last an individual the ten or more years speculated to 
be the normal life span of an Afta queen. 

In 1898 von Thering made the important discovery of 
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how the fungus is transferred from nest to nest. Prior to 
departing on the nuptial flight the Atta sexdens queen 
packs a small wad of mycelia into her infrabuccal cham- 
ber, a cavity located (in all ants including Atta) beneath 
the opening of the esophagus just to the rear of the base 
of the labium. Following the nuptial flight, which in Brazil 
may occur anytime from the end of October to the middle 
of December, the queen casts off her wings and quickly 
excavates a little nest in the soil. When finished, the nest 
consists of a narrow entrance gallery, 12-15 mm in diam- 
eter, which descends 20-30 cm to a single room 6 cm long 
and somewhat less in height. Onto the floor of this room, 
according to Jakob Huber (1905) and Autuori (1956), the 
queen now spits out the mycelial wad. By the third day 
fresh mycelia have begun to grow rapidly in all directions, 
and the queen has laid the first 3 to 6 eggs. In the begin- 
ning the eggs and little fungus garden are kept apart, but 
by the end of the second week, when more than 20 eggs 
are present and the fungal mass is ten times its original 
size, the two are brought together. At the end of the first 
month the brood, now consisting of eggs, larvae, and 
possibly pupae as well, is embedded in the center of a 
mat of proliferating fungi. The first adult workers emerge 
sometime between 40 and 60 days. During all this time 
the queen cultivates the little fungus garden herself. At 
intervals of an hour or so she tears out a small fragment 
of the garden, bends her abdomen forward between her 
legs, touches the fragment to the tip of the abdomen, and 
deposits a clear yellowish or brownish droplet of fecal 
liquid onto it (Figure 4-15). Then she carefully places the 
mycelial fragment back into the garden. Although the 
A. sexdens queen does not sacrifice her own eggs as a cul- 
ture medium, she does consume 90 percent of the eggs her- 
self, and, when the larvae first hatch, they are fed with eggs 
thrust directly into their mouths. The queen apparently 
never consumes any of the growing fungi during the 
rearing of the first brood. Instead, she subsists entirely on 
her own catabolizing fat body and wing muscles. Soon 
after the first workers appear, they begin to feed them- 
selves on the gongylidia. They also manure the fungal 
garden with their fecal emissions and feed their sister 
larvae with eggs laid by the mother queen. The eggs given 
to the larvae are larger than those permitted to hatc 1; 
a histological study by Bazire-Benazet (1957) has shown 
that they are in fact “omelets” formed in the oviducts by 
the fusion of two or more distinct but ill-formed eggs. 
After about a week the new workers dig their way up 


FIGURE 4-15. Colony founding in Arra: (4) a queen in her first chamber with the beginning 
fungus garden: (B) the queen manures the garden by pulling a hyphal clump free and applving an 
anal droplet to it: (C) three stages in the concurrent development of the fungus garden and first 
brood (original drawing by Turid Hölldobler: based on Jakob Huber. 1905, and Autuori. 1956). 
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through the clogged entrance canal and start foraging on 
the ground in the immediate vicinity of the nest. Bits of 
leaves are brought in, chewed into pulp, and kneaded into 
the fungus garden. About this time the queen ceases 
attending both brood and garden. She turns into a virtual 
egg-laying machine, in which state she remains for the 
rest of her life. Now for the first time the workers begin 
to collect gongylidia from the fungal mass and to feed 
them directly to the larvae. 

The growth of the colony is very slow during the first 
year. During the second and third years it accelerates 
quickly and then tapers off as the colony starts producing 
winged males and queens. Using data provided by Au- 
tuori, Bitancourt (1941) demonstrated that the growth of 
an A. sexdens colony, if measured as the increasing num- 
ber of nest entrances, closely fits the classic formula of 
logistic growth. This means simply that the rate of growth 
can be expressed as an elementary function of the popu- 
lation size times the difference between the population size 
at the given moment and the size finally reached by the 
colony (see Chapter 21). The ultimate size reached by the 
Atta nests is enormous. Autuori’s nest contained slightly 
over 1,000 entrance holes at the end of the third year. 
Another three-year-old nest excavated by Autuori (cited 
in Weber, 1966) contained 1,027 chambers, of which 390 
were occupied by fungus gardens and ants. Although in 
only its first year of production of sexual forms, the colony 
had generated no less than 38,481 males and 5,339 virgin 
queens. Still another A. sexdens nest, 77 months old, 
contained 1,920 chambers of which 248 were occupied by 
fungus gardens and ants. The loose soil that had been 
brought out and piled on the ground by the ants during 
the excavation of their nest was shoveled off and meas- 
ured. It occupied 22.72 m? and weighed approximately 
40,000 kg. Autuori also estimated that during the short life 
of the colony the workers had gathered no less than 
5,892 kg of leaves to cultivate their fungus gardens! 

As these data suggest, the populations of old colonies 
of Atta reach enormous size. Martin calculated that one 
colony of A. colombica which he collected in Central 
America for chemical analysis contained between | and 
2.5 million workers. The nests of mature colonies are also 
structures of extraordinary expanse and complexity, as 
documented in the studies of Eidmann (1935), Stahel and 
Geijskes (1939), Jacoby (1937, 1944), and Moser (1963). 
In well-drained soil the deepest galleries usually penetrate 
to more than 3 m below the surface, and in some cases 
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they descend to more than 6m. Their excavation for 
scientific study requires teams of laborers or, as in Moser’s 
work on A. texana in Louisiana, the use of a bulldozer. 
Stahel and Geijskes systematically observed the move- 
ment of small puffs of smoke released over various of the 
nest entrances; they were thereby able to demonstrate the 
existence of a primitive ventilation system in the intact 
nests. Air, it was found, tends to pour into those nest 
openings located near the nest perimeter and to pass up 
out of the openings located closer to the nest center. The 
intake and exhaust openings are about equally numerous. 
A third kind of opening, through which no movement of 
air can be detected, is even more common. There is a 
simple enough explanation for this pattern. Air is heated 
by metabolism more rapidly in the central zone of the 
nest, where the fungus gardens and ants are concentrated, 
and it therefore tends to rise through the central galleries. 
The movement in turn draws air from the remaining 
galleries, which are located in the peripheral zones. The 
“neutral” nest openings probably lead to blocked galleries 
or gallery systems with relatively few ants and fungus 
gardens. Thus the construction of large numbers of nest 
entrances in the Atta nests—a feature shared with only 
a few other kinds of ants—appears to be an adaptation 
to facilitate ventilation through the exceptionally large 
biomasses of the leaf-cutter colonies. 

The phylogenetic origin of the Attini remains a source 
of bafflement in spite of decades of speculation on the 
subject. One authorative opinion is still that of Emery 
(1895), who, on morphological evidence, placed the Attini 
near Ochetomyrmex and Wasmannia. These taxa, together 
with the aberrant genus Blepharidatta, comprise the tribe 
Ochetomyrmecini (Brown, 1953b). The ochetomyrmecines 
are exclusively Neotropical, which is at least consistent 
with the hypothesis of some kind of evolutionary link to 
the Attini. The overall morphological resemblance be- 
tween the two tribes is not at all close, however, and in 
fact the Attini stand well apart from all other ants in their 
morphology. Forel (1902) offered the contrary opinion 
that the Attini stemmed from the Dacetini. But recent 
work on both the phylogeny and natural history of this 
tribe has contradicted Forel’s basic assumptions. Brown 
and Wilson (1959a) found that all major groups of dace- 
tines are strictly predaceous, and all but the most primitive 
specialize on collembolans and other soft-bodied arthro- 
pods. Furthermore, the most primitive living genus (Dace- 
ton) is morphologically very distinct from attines and is 
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completely arboreal in its nesting habits, unlike all known 
attines. 

So long as the evolutionary origin of the Attini remains 
a mystery, we cannot hope to gain any convincing insight 
into the evolutionary beginnings of fungus gardening. At 
best we can contemplate two competing hypotheses. The 
first, due to von Ihering (1894), proposes that attines 
originated from harvesting ants with slovenly habits: “We 
know quite a number of ants, like the species of Pheidole, 
Pogonomyrmex and furthermore species of Aphaenogaster 
and even of Lasius, which carry in grains and seeds to 
be stored as food. Such grain carried in while still unripe. 
would necessarily mould and the ants feeding upon it 
would eat portions of the fungus. In doing this they might 
easily come to prefer the fungi to the seeds. If Arta lundi 
still garners grass seeds and in even greater than the 
natural proportion to the grass blades, this can only be 
regarded as a custom which has survived from a previous 
cultural stage.” In opposition, Forel (1902) has suggested 
that the ancestral attines lived in rotting wood and gradu- 
ally acquired the habit of eating the fungi they chanced 
to find growing on insect excrement left behind by wood- 
boring insects. A slight variant of this idea has been 
offered by Weber (1956), who believes that the ants 
might have begun feeding on fungi which grew from their 
own feces. 

The notion that insect excrement served as the original, 
fortuitous substrate of the symbiotic fungi receives some 
support from our present understanding of evolution 
within the Attini. In Table 4-4 I have listed the known 
genera of attines, together with those morphological and 
behavioral characteristics that show the greatest variation 
among the genera. The evolutionary trends reflected by 
this variation seem to be consistent with the idea, held 
by most students of the Attini since the time of Emery 
and Forel, that Cyphomyrmex is primitive, Arta is ad- 
vanced, and the remaining genera occupy positions of 
varying degrees of intermediacy. Of course such a vertical 
array is bound to be an oversimplification since the evo- 
lution of the Attini, like that of almost all other large 
animal groups whose histories are better known from the 
fossil record, almost certainly unfolded in a more complex, 
dendritic pattern. But the principal evolutionary trends 
do seem clear enough when considered separately, and 
they are at least loosely interconsistent. There is a gradual 
increase in body size and, in a few of the largest species, 
the appearance of well-marked worker polymorphism. 
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The body develops certain unusual anatomical features 
such as tuberculation of the body surface. unusual hair 
structure, and cordate head shape. The mature colony 
size increases from small (that is. a few tens or hundreds 
of individuals) through medium (hundreds or thousands) 
to large (tens of thousands or more), with a corresponding 
growth in the size and complexity of the nest structure. 

Now if these trends do reflect a true evolutionary his- 
tory, it is reasonable to suppose that feeding behavior also 
evolved in roughly the same direction, namely from 
Cyphomyrmex to Atta and the other. “higher” attine 
genera. And if that much is granted. we can regard the 
use of insect feces as the culturing medium to be the 
primitive trait and the use of fresh vegetation to be the 
derived trait. It is therefore likely that a closer examina- 
tion of the biology of Cyphomyrmex, along with that of 
the other presumably primitive attines and perhaps also 
of the little-known tribe Ochetomyrmecini. will offer some 
chance of shedding light on the origin of the Attini and 
the fungus-culturing habit. 


The Natural History of Ant Plants 
and Their Ants 


Direct relations between ants and higher plants are 
diverse and often intricate. Afra and other advanced 
genera of fungus-growing ants depend, as we have just 
seen, entirely on fresh vegetation to provide the substrate 
for their fungus gardens. Other ant species utilize seeds for 
food and are, in turn, important agents in the dispersal 
of plants (Sernander. 1906; Bequaert, 1922: Tevis, 1958). 
Some of these, in particular the species of Goniomma, 
Messor, Oxyopomyrmex, Pogonomyrmex, and Feromessor, 
as well as a few of the species of Melophorus, Meranoplus, 
Monomorium, Pheidole, Pheidologeton, and Tetramorium, 
depend principally or entirely on seeds, which thev store 
in their earthen nests in special granary cells. For this 
reason they are referred to generically as “harvesting 
ants.” These specialists are found mostly in the warmer 
deserts and semideserts around the world, where they are 
frequently among the most numerous elements of the 
insect faunas. The provident ants referred to by Solomon 
and by classical writers such as Hesiod, Aesop, Aelian, 
Plutarch, Orus Apollo, Plautus, Horace, Virgil, Ovid, and 
Pliny, and celebrated in later, derivative writings up to 
the time of Jeremia Wilde (1615). almost certainly be- 
longed to various Messor (arenarius, barbarus, capitata, 
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TABLE 4-4. Characteristics of attine genera believed to exhibit consistent evolutionary trends within the group. 
The genera are listed in order of their presumed approximate phylogenetic position, with the first genus, Cyphomyrmex, 
being the most primitive (based mostly on Wheeler, 1907a; Weber, 1941, 1946, 1966, and personal communication). 


Mature 
Nest colony Fungus group 
Genus Morphology structure size Garden substrate cultivated 
Cyphomyrmex Monomorphic; squamiform, Irregular cavity in Small to Insect feces Fungi imperfecti 
rimosus appressed hairs; large, soil or rotting wood medium 
widely spaced frontal lobes; 
smooth body surface; small 
size 
Cyphomyrmex, | Monomorphic; hairs simple One symmetrical cell; Small Insect feces, insect Basidiomycetes 
other species and sparse; large, widely usually in soil corpses, pieces of 
spaced frontal lobes; fruit 
smooth to tuberculate body; 
small size 
Mycetophylax Monomorphic; hairs sparse; One or two Small Dead grass ? 
smooth body surface; symmetrical cells 
frontal lobes of medium in soil 
size and spacing; small size 
Mycocepurus Monomorphic; hairs sparse; One symmetrical cell Small Insect feces ? 
spinose; frontal lobes in soil 
approximated and small; 
small size 
Myrmicocrypta  Monomorphic; tuberculate One large, symmetrical Medium Vegetable matter, Basidiomycetes 
thorax bearing squamiform cell in the soil or insect corpses 
hairs; frontal lobes rotting wood 
approximated and small; 
small size 
Apterostigma Monomorphic; abundant One to several gardens Small Insect feces and Basidiomycetes 
flexuous hairs; smooth surrounded (in some dead, woody 
body surface; small to species) by a very matter 
medium size thin, mycelial 
shroud, built in the 
open under logs or 
in cavities under 
logs, loose bark, or 
stones 
Sericomyrmex | Monomorphic; abundant One to several Medium Fruit and possibly Probably 
flexuous hairs; body surface symmetrical cells in dead vegetable Basidiomycetes 
tuberculate; head cordate; the soil matter 
medium size 
Mycetosoritis Monomorphic; body surface Several symmetrical Small Dead vegetable ? 
tuberculate with moderately cells arranged matter 
abundant, curved hairs; vertically in the soil 
small size 
Trachymyrmex  Monomorphic to slightly Several symmetrical Small to Insect feces, flower Probably 
polymorphic; body surface cells usually medium parts, dead Basidiomycetes 


tuberculate with stiff, 
hooked hairs; small to 
medium size 


arranged vertically 
in the soil 


vegetable matter 
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TABLE 4-4 (continued ). 
Mature 
Nest colony Fungus group 

Genus Morphology structure size Garden substrate cultivated 
Acromyrmex Polymorphic; body surface Complex earthen nests Large Fresh leaves, stems, Basidiomycetes 

tuberculate with stiff hairs; with one very large and flowers 

occipital lobes developed; or many chambers 

large size; strong 

queen-worker size difference 
Atta Strongly polymorphic; body Complex earthen nests Large Fresh leaves, stems, Basidiomycetes 

surface partly tuberculate; with many and flowers 

large size; strong queen- chambers 


worker size difference 


Pseudoatta (A parasitic workerless genus 
possibly derived from 


Acromyrmex) 


minor, sancta, semirufus, sordidus, structor), which are the 
dominant harvesting ants of the Mediterranean region. 

The subsequent history of this subject includes a 
curiously perverse episode. In his book, the first in the 
modern era devoted to ants, Wilde uncritically accepted 
the stories of the ancient authors. But the Reverend 
William Gould (1747), who published the first monograph 
based on his own observations, could find no evidence in 
England that “Ants have Magazines or Granaries of Corn, 
- and lay up a Stock of Provisions for the Winter,” and he 
questioned the old stories. For the next hundred years 
subsequent researchers, most of whom also lived in 
northern Europe outside the range of harvesting ants, 
shared Gould’s doubts. It was not until studies were ex- 
tended to the dry tropics and warm temperate zones, 
particularly by Sykes (1835) and Jerdon (1854) in India, 
that the existence of harvesting ants was confirmed. Thus 
for once the tales of the ancients proved right and modern 
European science proved wrong. 

Ant workers of the genus Formica appear to be the 
primary pollinators of Orthocarpus pusillus, a moss-like 
North American member of the Scrophulariaceae (Kin- 
caid, 1963). In tropical forests other ants are believed to 
be important in the pollination of cauliflorous flowers of 
great numbers of tree species, including cacao (Bequaert, 
1922). Ants are also among the regular visitors to floral 
and extrafloral nectaries of many other kinds of higher 
plants; yet, curiously, no known species depends com- 


pletely on this source for its carbohydrates. Together with 
earthworms, ants are the principal movers of the soil, in 
both tropical and temperate regions. And by moving 
seeds, enriching the earth, and attacking growing plants 
in a selective and patchy manner, ant colonies play a key 
role in determining the fine structure of plant commu- 
nities. 

But by far the most intimate and elaborate relationship 
known is the one that exists between the plants called 
myrmecophytes and the peculiar ants that live in them. 
Almost any plant with hollow or pithy stems, twigs, thorns, 
or other preformed cavities can serve as a nest site for 
colonies of ants. Some species occupy plant cavities only 
occasionally; some, invariably. On the other side, most 
plant species only occasionally harbor ants, many fre- 
quently do, and a very few almost invariably contain 
colonies. Myrmecophytes by definition belong in the last 
category; they are plants that live in constant, mutualistic 
relationship with ant colonies (Warburg, 1892; Blatter, 
1928). In a recent and still unpublished review of the 
proven and presumptive myrmecophytes, D. H. Janzen 
has cited the following characteristics as predisposing 
plant and ant species to enter the mutualistic relations:* 


(1) Hollow structures regularly present in or on the living 
plant. 

(2) Ants of the same species or colony tenanting these struc- 
tures throughout the plant. 


*I am grateful to Dr. Janzen for permitting me to quote this list. 
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(3) Foliar nectaries regularly present. 

(4) Twig-inhabiting ants present (implied foraging on foli- 
age). 

(5) Ants medium to large in size, possessing a strong chemical 
or sting defense. 

(6) Plant neither a mature forest tree nor a herb. 

(7) Food bodies present on stems or leaves. 

(8) Ants predators or active scavengers. 

(9) Ants and plants occurring between the Tropics of Cancer 
and Capricorn, not in deserts and not above 2500 meters 
elevation. 


The extreme myrmecophytes, all of which occur in the 
tropics, have evolved an amazing array of special struc- 
tures seemingly adapted for harboring ant colonies. These 
“myrmecodomatia” include the large pseudobulbs of the 
Indomalayan rubiaceous epiphytes in Myrmecodia and 
Hydnophytum, which are riddled with preformed cavities 
(Figure 4-17). In South America several genera (Tococa, 
Maieta, Microphysca, Calophysca, Myrmidone, Hirtella) 
produce strange bladder-like swellings on the petiole or 
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at the base of the leaf which are regularly inhabited by 
colonies of small ants such as Allomerus and Strumigenys. 
Some species of Acacia, which are native to the drier parts 
of Africa and the New World tropics, develop large num- 
bers of inflated thorns filled with spongy tissue. Ants chew 
their way in near the sharp tips of the thorn and occupy 
the spacious interiors. Other species of trees and shrubs 
belonging to diverse dicotylodenous families have con- 
spicuously swollen and cavernous trunks or stems that are 
almost invariably occupied by ant colonies. Examples 
include species belonging to Barteria, Cuviera, Endo- 
spermum, Macaranga, and Vitex in tropical Africa and 
Asia, and Cecropia, Cordia, and Triplaris in the New 
World tropics. 

Besides offering ideal homes for the ants that invade 
them, the myrmecophytes also produce food from special 
organs that seemingly serve no other purpose than to 
nourish the ants. Pourouma guianensis and the species of 
Cecropia, common “scrub” trees of the tropical American 


FIGURE 4-16. Representatives of the “lesser” genera of fungus-growing ants: (left), Myrmicocrypta brittoni; (middle), Apterostigma 
pilosa; (right), Sericomyrmex opacus (from Wheeler, 1910). 
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FIGURE 4-17. Myrmecodia pentasperma of New Britain, Bismarck Archipelago, with its pseudo- 
bulb sliced open to reveal a colony of ants (Iridomyrmex myrmecodiae) inhabiting the preformed 
cavities (from Wheeler, 1910; after F. Dahl). 
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forests, produce “Miillerian bodies,” small red or yellow, 
elliptical corpuscles embedded in dense mats of hair lo- 
cated at the base of each leaf petiole. These objects are 
rich in oil and protein and are easily detached and carried 
away by the Azteca that ordinarily inhabit the trees. The 
bull’s-horn acacias sprout similar detachable corpuscles, 
called “Beltian bodies,” from the tips of the leaflets (Fig- 
ure 4-18). Almost all of the Beltian bodies are harvested 
by the resident colonies of Pseudomyrmex ants. The pith 
of Cecropia, which is consumed by the ants, has been 
assumed by botanists to have nutritive value. The same 
is true of the “nutritive layer” of the internode walls of 
Barteria, Cuviera, Plectronia, Sarcocephalus, Tachigalia, 
and Vitex. Special structures called “beadglands” 
(Perldrüsen) are characteristic of certain members of the 
families Bignoniaceae, Melastomaceae, Moraceae, Piper- 
aceae, Sterculiaceae, Urticaceae, and Vitaceae. They are 
tiny, transparent corpuscles, scattered in large numbers 
over the surface of the plant and rich in oily and sugary 
substances attractive to ants. Reviews of most aspects of 
myrmecophytism, largely still up to date, are given by 
Wheeler (1910, 1942) and Bequaert (1922). 

There remains, however, one basic aspect of the subject 
concerning which very little has been learned, and even 
this only in the past decade: the degree of intensity of 
the symbiosis. In spite of the obvious intimacy of the 
associations between many of the tropical plant species 
and their ants, and the extraordinary anatomical features 
of the plants that seem to have no other function than 
to service their guests, biologists for many years disagreed 
about the significance of the association. On one side 
stood the “protectionist school,” to use W. L. Brown’s 
(1960b) expression. It was founded by Thomas Belt, whose 
observations on the ant acacias in A Naturalist in Nica- 
ragua were the beginning of serious studies of myrmeco- 
phytism. Belt, and a majority of subsequent writers, in- 
cluding particularly Schimper, Wasmann, and the leading 
authority on the bull’s-horn acacias, W. E. Safford, agreed 
that the ants provide the plants protection against their 
natural enemies. They also postulated that in the course 
of their evolution the acacias developed the hollow thorns, 
Beltian bodies, and foliar nectaries as devices to promote 
the welfare of the ants. In short, the protectionist authors 
believed the symbiosis to be mutualistic. The opposing 
“exploitationist school,” represented chiefly by Elisabeth 
Skwarra (1934) and W. M. Wheeler (1942), argued that 
only the ants benefited and that the various “myrmeco- 
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philous” structures of the acacias serve some other, still 
unknown function. This opposition of viewpoints, which 
is rather oversimplified as I have expressed it here, ex- 
tended to discussions of other genera of ant plants as well. 

Brown, in crystallizing the issue in 1960, developed new 
evidence favoring the protectionist hypothesis. He pointed 
out that Acacia is a very old and widespread genus con- 
taining no less than 700 species. Australia contains a 
majority of the species as well as the greatest phyletic 
diversity of any continent. It also contains one of the 
richest ant faunas of any comparable area in the world. 
Yet not a single potential myrmecophyte has been found 
among the acacias of Australia. Moreover, the Australian 
species have mostly lost their spiniform stipules, in striking 
contrast to their congeners in other parts of the world. This 
geographic distribution of characteristics agrees with the 
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FIGURE 4-18. Acacia sphaerocephala, one of the bull’s-horn 
acacias of the American tropics: (A) end of a branch showing 
pairs of the hollow thorns that are normally occupied by ants 
of the genus Pseudomyrmex; (x) holes chewed by the ants to 
form entrances in the thorns; (B) a leaf of the same plant; (y) 
extrafloral nectary; (C) tip of a leaflet enlarged to show a 
Beltian body, the organ which is picked and eaten by the ants 
(from Wheeler, 1910; after A. F. W. Schimper). 
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known occurrence, in the recent geological past and at 
present, of large and effective faunas of browsing mam- 
mals. Brown inferred, in accordance with Belts hy- 
pothesis, that the development of myrmecophytism and 
spininess in the African and New World Acacia species 
represents an adaptive response to the presence of such 
mammals. In other words, they must provide an effective 
deterrant to browsing. In Australia, where advanced 
browsing faunas have been unknown (at least in the 
recent geological past), the species have either failed to 
develop myrmecodomatia and spines or else lost them 
secondarily. 

It remained for Janzen (1966, 1967, 1969a,b), in a bril- 
liant field experimental study in Mexico, to prove directly 
that the ants do indeed provide vital protection to the 
bull’s-horn acacias. While conducting a pilot survey 
Janzen noted, as Bequaert (1922) had found earlier for 
Barteria fistulosa in the Congo, that Acacia cornigera 
shrubs and trees devoid of ants suffer greater damage from 
attacks by phytophagous insects than do their neighbors 
harboring ant colonies. They also tend to be overgrown 
by competing plant species. When Janzen removed the 
ants (Pseudomyrmex ferruginea) with any one of three 
treatments, namely spraying with parathion, clipping the 
thorns, or extirpating entire occupied branches, he found 
that the acacias became decidedly more vulnerable to 
attack by their insect herbivores. Coreid bugs and mem- 
bracids sucked on the shoot tips and new leaves; scarabs, 

. Chrysomelid beetles, and assorted caterpillars browsed on 
the leaves; and buprestid beetle larvae girdled the shoots. 
Moreover, other plants grew in more closely and shaded 
the stunted shoots. In nearby control trees, still occupied 
by Pseudomyrmex colonies, Janzen observed that the ants 
attacked the invading insects, in the great majority of cases 
successfully killing them or driving them off. Alien plants 
that sprouted within a radius of 40 cm of the occupied 
acacia trunks were chewed and mauled by the ants until 
they died. Other plants whose leaves or branches touched 
the canopy of the acacia were also attacked. Up to one- 
fourth of the entire ant population were active on the 
surfaces of the control plants, day and night, constantly 
patrolling and cleaning them. For the full year during 
which the experiment was continued, the biomass and 
growth of the unoccupied acacias steadily fell below that 
of the occupied ones. In the end it seemed unlikely that 
they could survive much longer, let alone bear seeds. Thus, 
Belt’s view, that the Pseudomyrmex “are really kept by 
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the acacia as a standing army,” was substantially con- 
firmed. 

Although experimental evidence is still lacking, it seems 
probable that the ants are also effective against browsing 
mammals. The Pseudomyrmex workers are extremely 
aggressive toward intruders of all sizes. They become alert 
at the mere smell of a cow or a man, and, when their tree 
is brushed or shaken, they swarm out and attack at once. 
Their stings are very painful, causing a lasting burning 
and throbbing affect. To brush against an occupied acacia, 
and thus to acquire a group of vicious, stinging ants on 
an arm or a leg, is a sensation very much like walking 
into a large nettle plant. Truculence and fighting prowess 
are, in fact, general qualities of myrmecophyte-dwelling 
ants. Viticicola tessmanni, the obligate pseudomyrmecine 
tenant of the verbenaceous creeper Vitex staudtii in West 
Africa, was described by Bequaert (1922) as “exceedingly 
vicious and alert. When its host plant is ever so slightly 
disturbed, the workers rush out of the hollow stalks in 
large numbers and actively explore the plant. Their sting 
is extremely painful and sometimes produces vesicles on 
the skin.” Even more redoubtable is the African pseudo- 
myrmecine Pachysima aethiops, the obligate tenant of the 
small flacourtiaceous tree Barteria fistulosa: “As soon as 
any portion of their host plant is disturbed, they rush out 
in numbers and hastily explore the trunk, branches, and 
leaves. Some of the workers usually also run over the 
ground about the base of the tree and attack any nearby 
intruder, be it animal or man. All observers agree that 
the sting of the Pachysima is exceedingly painful and is 
felt for several hours. Its effects can best be compared with 
those produced by female velvet ants.” The ant is feared 
by the natives of the Congo, who try to avoid the unpleas- 
ant task of cutting the small Barteria trees scattered 
through the forest. As a consequence individuals of Bar- 
teria fistulosa are often found standing by themselves in 
the center of clearings or near the sides of forest paths. 
The species is also abundant in secondary forest growth. 
It has been my own experience, in both the Old and New 
World tropics, that the obligate tenants of myrmecophytes 
are, on the average, much more aggressive than other 
species belonging to the same genus and occurring at the 
same localities. 

According to Janzen, Pseudomyrmex ferruginea is an 
obligate plant ant that occupies at least five species of 
Acacia (chiapensis, cornigera, sphaerocephala, hindsii, and 
collinsii). Its life cycle conforms to the basic claustral 
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pattern of ants generally. After the nuptial flight, which 
can occur in warm weather in any month of the year, the 
queen alights, sheds her wings, and searches for a nest 
site. For a P. ferruginea there can be only one such place: 
an unoccupied acacia thorn. If the thorn has not already 
been opened by a previous occupant, the queen gnaws 
a circular hole near the tip of the spine and enters. Then 
She lays 15-20 eggs and rears her first brood while re- 
maining secluded in the thorn cavity. Although the exact 
duration of brood development is not known, it is evi- 
dently relatively short for an ant species, and the worker 
population increases at a rapid rate. Within seven months 
there are about 150 workers, and, three months later, twice 
this number. The worker population increases to about 
1,100 in two years and to over 4,000 in three years. The 
largest colony collected by Janzen contained 12,269 
workers and a single queen. In old colonies the queen is 
physogastric, heavily attended by workers, and accom- 
panied by masses of hundreds of eggs and young larvae. 
The production of males and virgin queens begins during 
the second year and proceeds continuously thereafter. 
Workers belonging to the youngest colonies leave the 
protection of the thorn home only long enough to gather 
nectar and Beltian bodies and, at rare intervals, to take 
possession of nearby thorns. When their numbers reach 
50 to 100, they begin patrolling the open plant surface 
in the vicinity of the nest thorns. When the population 
size reaches 200 to 400, the workers become more aggres- 
sive and start attacking and destroying other, smaller 
colonies in nearby thorns. They also become increasingly 
effective in warding off phytophagous insects that attempt 
to land in the vicinity. Finally, the dominant colony takes 
possession of the entire tree, wiping out all competitors 
in the process. A few colonies are also able to extend their 
territories to other acacias nearby. 

The Pseudomyrmex ferruginea colonies appear to subsist 
primarily on the Beltian bodies and foliar nectar obtained 
from the host trees. The larvae are fed in part on unaltered 
fragments of Beltian bodies in the following peculiar 
manner. The nurse worker first pushes the fragment deep 
within the trophothylax, the special food pouch located 
on the lower surface of the thorax just behind the head 
(and found only in pseudomyrmecine larvae). The larva 
then starts to rotate its head in and out of the tropho- 
thylax, chewing and swallowing the contents. Simulta- 
neously it ejects a droplet of clear fluid, possibly con- 
taining a digestive enzyme, into the trophothylax. If the 
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Beltian fragment protrudes from the opening of the pouch, 
a worker may remove it, cut it up, and redistribute it. 
From time to time workers also force open the tropho- 
thylax and regurgitate droplets of fluid into it. Whether 
this material consists of elementary crop fluid or some 
more specialized form of nutritive secretion is unknown. 
Occasionally the Pseudomyrmex workers succeed in cap- 
turing insect prey on the nest tree. It is possible that these 
too are fed to larvae, but they can form a source of 
protein only secondary in magnitude to the Beltian bodies. 


The Natural History of the Army Ants 


No spectacle of the tropical world is more exciting than 
that of a colony of army ants on the march. In his book, 
Ants, Their Structure, Development and Behavior, Wheeler 
expressed its poetry in the following way: “The driver and 
legionary ants are the Huns and Tartars of the insect 
world. Their vast armies of blind but exquisitely coöper- 
ating and highly polymorphic workers, filled with an 
insatiable carnivorous appetite and a longing for perennial 
migrations, accompanied by a motley host of weird 
myrmecophilous camp-followers and concealing the nup- 
tials of their strange, fertile castes, and the rearing of their 
young, in the inaccessible penetralia of the soil—all sug- 
gest to the observer who first comes upon these insects 
in some tropical thicket, the existence of a subtle, relentless 
and uncanny agency, directing and permeating all their 
activities.” 

Eciton burchelli is one of the best understood of the 
army ants. This big, conspicuous species is abundant in 
the humid lowland forests from Brazil and Peru north to 
southern Mexico (Borgmeier, 1955). Its marauding 
workers, together with those of other species of Eciton, 
are well known to native peoples by such local names as 
padicours, tuocas, tepeguas, and soldados. In English they 
are called army ants, as well as foraging ants, legionary 
ants, soldier ants, and visiting ants. These insects have 
understandably been a prime target for study by natural- 
ists for a long time, from Lund (1831) through Bates, Belt, 
von Ihering, Miller, and Sumichrast in the last century 
to Beebe, Wheeler, and many others in more recent times. 
But it was T. C. Schneirla (1933-1965) who, by conducting 
patient studies over virtually his entire career, first un- 
raveled the complex behavior and life cycle of this and other 
species of Eciton. His results have since been confirmed and 
greatly extended by C. W. Rettenmeyer (1963a). 
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A day in the life of an Eciton burchelli colony seen 
through the eyes of Schneirla and Rettenmeyer begins at 
dawn, as the first light suffuses the heavily shaded forest 
floor. At this moment the colony is in “bivouac,” meaning 
that it is temporarily camped in a more or less exposed 
position. The sites most favored for bivouacs are the 
spaces between the buttresses of forest trees and beneath 
fallen tree trunks (see Figure 4-26) or any sheltered spot 
along the trunks and main branches of standing trees to 
a height of twenty meters or more above the ground. Most 
of the shelter for the queen and immature forms is pro- 
vided by the bodies of the workers themselves. As they 
gather to form the bivouac, they link their legs and bodies 
together with their strong tarsal claws, forming chains and 
nets of their own bodies that accumulate layer upon inter- 
locking layer until finally the entire worker force com- 
prises a solid cylindrical or ellipsoidal mass up to a meter 
across. For this reason Schneirla and others have spoken 
of the ant swarm itself as the “bivouac.” Between 150,000 
and 700,000 workers are present. Toward the center of the 
mass are found thousands of immature forms, a single 
mother queen, and, for a brief interval in the dry season, 
a thousand or so males and several virgin queens. The 
entire dark-brown conglomerate exudes a musky, some- 
what fetid odor. 

When the light level around the ants exceeds 0.05 foot 
candle, the bivouac begins to dissolve. The chains and 
clusters break up and tumble down into a churning mass 
- on the ground. As the pressure builds, the mass flows 
outward in all directions. Then a raiding column emerges 
along the path of least resistance and grows away from 
the bivouac at a rate of up to 20 m an hour. No leaders 
take command of the raiding column. Instead, workers 
finding themselves in the van press forward for a few 
centimeters and then wheel back into the throng behind 
them, to be supplanted immediately by others who extend 
the march a little farther. As the workers run on to new 
ground, they lay down small quantities of chemical trail 
substance from the tips of their abdomens, guiding others 
forward. A loose organization emerges in the columns, 
based on behavioral differences among the castes. The 
smaller and medium-sized workers race along the chemi- 
cal trails and extend it at the point, while the larger, 
clumsier soldiers, unable to keep a secure footing among 
their nestmates, travel for the most part on either side. 
The location of the Eciton soldiers misled early observers 
into concluding that they are the leaders. As Thomas Belt 


56 The Ants 


put it, “Here and there one of the light-colored officers 
moves backwards and forwards directing the columns.” 
Actually the soldiers, with their large heads and excep- 
tionally long, sickle-shaped mandibles, have relatively 
little control over their nestmates and serve instead almost 
exclusively as a defense force. The minimas and medias, 
bearing shorter, clamp-shaped mandibles, are the general- 
ists. They capture and transport the prey, choose the 
bivouac sites, and care for the brood and queen (see 


Figure 4-19). 


E. burchelli has an unusual mode of hunting even for 
an army ant. It is a “swarm raider,” which means that 
the foraging workers spread out into a fan-shaped swarm 
with a broad front. Most other army ant species are “col- 
umn raiders,” pressing outward along narrow dendritic 
odor trails in the pattern exemplified in Figure 4-20. 
Schneirla (1956a) has described a typical raid as follows: 


For an Eciton burchelli raid nearing the height of its develop- 
ment in swarming, picture a rectangular body of 15 meters or 
more in width and 1 to 2 meters in depth, made up of many 
tens of thousands of scurrying reddish-black individuals, which 
as a mass manages to move broadside ahead in a fairly direct 
path. When it starts to develop at dawn, the foray at first has 
no particular direction, but in the course of time one section 
acquires a direction through a more rapid advance of its mem- 
bers and soon drains in the other radial expansions. Thereafter 
this growing mass holds its initial direction in an approximate 
manner through the pressure of ants arriving in rear columns 
from the direction of the bivouac. The steady advance in a 
principal direction, usually with not more than 15° deviation 
to either side, indicates a considerable degree of internal orga- 
nization, notwithstanding the chaos and confusion that seem to 
prevail within the advancing mass. But organization does exist, 
indicated not only by the maintenance of a general direction 
but also by the occurrence of flanking movements of limited 
scope, alternately to right and left, at intervals of 5 to 20 minutes 
depending on the size of the swarm. 


The huge sorties of burchelli in particular bring disaster to 
practically all animal life that lies in their path and fails to 
escape. Their normal bag includes tarantulas, scorpions, beetles, 
roaches, grasshoppers, and the adults and broods of other ants 
and many forest insects; few evade the dragnet. I have seen 
snakes, lizards, and nestling birds killed on various occasions; 
undoubtedly a larger vertebrate which, because of injury or for 
some other reason, could not run off, would be killed by stinging 
or asphyxiation. But lacking a cutting or shearing edge on their 
mandibles, unlike their African relatives the “driver ants,” these 
tropical American swarmers cannot tear down their occasional 
vertebrate victims. Arthropods, such as ticks, escape through 
their excitatory secretions, stick insects through repellent chem- 
icals, as tests show, as well as through tonic immobility. The 
swarmers react to movement in particular as well as to the scent 
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of their booty, and a motionless insect has some chance of 
escaping them. Common exceptions, which may enjoy almost 
acommunity invulnerability in many cases, include termites and 
Azteca ants in their bulb nests in trees, army ants of their own 
and other species both on raiding parties and in their bivouacs, 
and leaf-cutter ants in the larger mound communities; in various 
ways these often manage to fight off or somehow repel the 
swarmers. 


The approach of the massive burchelli attack is heralded by 
three types of sound effect from very different sources. There 
is a kind of foundation noise from the rattling and rustling of 
leaves and vegetation as the ants seethe along and a screen of 
agitated small life is flushed out. This fuses with related sounds 
such as an irregular staccato produced in the random move- 
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ments of jumping insects knocking against leaves and wood. 
This noise, more or less continuous, beats on the ears of an 
observer until it acquires a distinctive meaning almost as the 
collective death rattle of the countless victims. When this com- 
posite sound is muffled after a rain, as the swarm moves through 
soaked and heavily dripping vegetation, there is an uncanny 
effect of inappropriate silence. 


Another characteristic accompaniment of the swarm raid is the 
loud and variable buzzing of the scattered crowd of flies of 
various species, some types hovering, circling, or darting just 
ahead of the advancing fringe of the swarm, others over the 
swarm itself or over the fan of columns behind. To the general 
hum are added irregular short notes of higher pitch as individ- 
uals or small groups of flies swoop down suddenly here or there 


FIGURE 4-19. A group of large media workers of the army ant Eciton burchelli are shown returning to the bivouac with the tail of a 


freshly caught scorpion (photograph courtesy of C. W. Rettenmeyer). 
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upon some probable victim of the ants which has suddenly burst 
into view . . . No part of the prosaic clatter, but impressive solo 
effects, are the occasional calls of antbirds. One first catches 
from a distance the beautiful crescendo of the bicolored antbird, 
then closer to the scene of action the characteristic low twittering 
notes of the antwren and other common frequenters of the raid. 


On Barro Colorado Island, Panama, where Schneirla 
conducted most of his studies, the antbirds normally fol- 
low only the raids of Eciton burchelli and those of another 
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common swarm-raider, Labidus praedator. They pay no 
attention to the less conspicuous forays of E. hamatum, 
E. dulcius, E. vagans, and other column-raiding army 
ants. There are at least ten species of antbirds on Barro 
Colorado Island, allmembers ofthe family Formicariidae. 
They feed principally on the insects and other arthropods 
flushed by the approaching burchelli swarms (Johnson, 
1954; Willis, 1967). Although a specimen of Neomorphus 
geoffroyi has been recorded with its stomach stuffed with 
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FIGURE 4-20. The two basic patterns of raiding employed by army ants: (left) column raid of Eciton hamatum with the advancing 
front made up of narrow bands of workers, the pattern of which is displayed by the majority of army ant species; (right) swarm raid of 
E. burchelli with the advancing front made up of a large mass or swarm of workers, followed by the anastomosing columns in the fan 
area which converge toward the base column and bivouac site (from Rettenmeyer, 1963a). 
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burchelli workers, most species appear to avoid the ants 
completely or at most consume them by accident while 
swallowing other food. The ornithologist Alexander Wet- 
more (cited by Rettenmeyer, 1963a) and many other 
biologists have learned to locate burchelli swarms by the 
calls of the antbirds. However, Charles H. Curran, the 
famous dipterist, always located the swarms by the buzz- 
ing of the accompanying flies! 

As one might anticipate from these accounts, the 
burchelli colonies and their efficient camp followers have 
a profound effect on the faunas of those particular parts 
of the forest over which the swarms pass. E. C. Williams 
(1941), for example, noted a sharp depletion of the arthro- 
pods at those spots on the forest floor where a swarm had 
struck the previous day. But the total effect on the forest 
at large may not be very significant. On Barro Colorado 
Island, which has an area of approximately 16 km?, there 
exist only about 50 burchelli colonies at any one time. 
Since each colony travels at most 100 to 200 m every day 
(and not at all on about half the days), the collective 
population of burchelli colonies raids only a minute frac- 
tion of the island’s surface in the course of one day, or 
even in the course of one week. 

Even so, it is a fact that the food supply is quickly and 
drastically reduced in the immediate vicinity of each 
colony. Early writers, especially Miiller (1886) and Vos- 
seler (1905), jumped to the seemingly reasonable conclu- 
sion that army ant colonies change their bivouac sites 
whenever the surrounding food supply is exhausted. At 
an early stage of his work, however, Schneirla (1933a, 
1938) discovered that the emigrations are subject to an 
endogenous, precisely rhythmic control unconnected to 
the immediate food supply. He proceeded to demonstrate 
that each Eciton colony alternates between a statary phase, 
in which it remains at the same bivouac site for as long 
as two to three weeks, and a nomadic phase, in which it 
moves to a new bivouac site at the close of each day, also 
for a period of two to three weeks. The basic Eciton cycle 
is summarized in Figure 4-21. Its key feature is the corre- 
lation between the reproductive cycle, in which broods of 
workers are reared in periodic batches, and the behavior 
cycle, consisting of the alternation of the statary and 
nomadic phases. The single most important feature of 
Eciton biology to bear in mind in trying to grasp this 
rather complex relation is the remarkable degree to which 
development is synchronized within each successive 
brood. The ovaries of the queen begin developing rapidly 
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FIGURE 4-21. The alternation of the statary and nomadic 


phases of the Eciton burchelli colony which consists of dis- 
tinct but tightly synchronized reproductive and behavior 
cycles. During the statary phase the queen, shown at the top, 
generates and lays a large batch of eggs, all in a brief span of 
time; the eggs hatch into larvae; the pupae derived from the 
previous batch of eggs develop into adults; and, as indicated 
in the lower diagram, the colony remains in one bivouac site. 
During the nomadic phase, the larvae complete their develop- 
ment; the new workers emerge from their cocoons; and, as in- 
dicated in the lower diagram, the ants change their nest sites 
after the completion of each day’s swarm raid (redrawn from 
Schneirla and Piel, 1948). 
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FIGURE 4-22. A queen of Eciton burchelli is shown in the 
egg-laying phase. At this period one individual lays from 
100,000 to 300,000 eggs within two weeks (photograph courtesy 
of C. W. Rettenmeyer). 


when the colony enters the statary phase, and within a 
week her abdomen is greatly swollen by 55.000 to 66.000 
eggs. Then, in a burst of prodigious labor lasting for 
several days in the middle of the statary period. the queen 
lays from 100,000 to 300,000 eggs (see Figure 4-22). Bv 
_the end of the third and final week of the statary period. 
larvae hatch, again all within a few days of each other. 
A few days later the “callow” workers (so called because 
they are at first weak and lightly pigmented) emerge from 
the cocoons. The sudden appearance of tens of thousands 
of new adult workers has a galvanic effect on their older 
sisters. The general level of activity increases, the size and 
intensity of the swarm raids grow, and the colony starts 
emigrating at the end of each day's marauding. In short. 
the colony enters the nomadic phase. The nomadic phase 
itself continues as long as the brood initiated during the 
previous statary period remains in the larval stage. As 
soon as the larvae pupate, however, the intensity of the 
raids diminishes, the emigrations cease, and the colony 
(by definition) passes into the next statary phase. 

The emigration is a dramatic event requiring sudden 
complex behavioral changes on the part of all adult 
members of the Eciton colony. At dusk or slightly before 
workers stop carrying food into the old bivouac and start 
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carrving it. along with their own larvae. in an outward 
direction to some new bivouac site along the pheromone- 
impregnated trails (Figures 4-23.24). Eventually, usually 
after most of the larvae have been transported to the site. 
the queen herself makes the journey. This event usually 
transpires between 8:00 and 10:00 p.m... well after night- 
fall. Just before the queen emerges from the bivouac, the 
workers on the trail nearby become distinctly more ex- 
cited, and the column of running workers thickens bevond 
its usual width of 2 to 3 em. soon widening to as much 
as 15 em. Suddenly the queen appears in the thickest part. 
As she runs along she is crowded in by the “retinue.” a 
shifting mob consisting of an unusual number of soldiers 
and darkly colored, unladen smaller workers. The mem- 
bers of the retinue jostle her. press in underfoot, climb 
up on her back. and at times literally envelop her body 
in a solid mass. But. even with this encumbrance, the 
queen moves along easily to the new bivouac site. She 
is guided by the odor trail and can follow it all by herself 
even if the surrounding workers are taken away. After her 
passage the emigration tapers off, and it is usually finished 
by midnight. 

The activity eyele of Eciton colonies is truly endogenous. 
It is not linked to any known astronomical rhythm or 
weather event. It continues at an even tempo month after 
month, in both wet and dry seasons throughout the entire 
year. Propelled by the daily emigrations of the nomadic 
phase, the colony drifts perpetually back and forth over 
the forest floor (Figure 4-25), The results of experiments 
performed by Schneirla indicate that the phases of the 
activity cycle are determined by the stages of development 
of the brood and their effect on worker behavior. When 
he deprived Eciron colonies in the early nomadic phase 
of their callow workers, they lapsed into the relatively 
lethargic state characteristic of the statary phase, and 
emigrations ceased. Nomadic behavior was net resumed 
until the larvae present at the start of the experiments had 
grown much larger and more active. In order to test fur- 
ther the role of larvae in the activation of the workers. 
Schneirla divided colony fragments into two parts of equal 
size, one part with larvae and the other without. Those 
workers left with larvae showed much greater continuous 
activity. 

These results. while provocative, are not decisive and 
at best solve only half the problem. For if the activity evele 
is controlled by the reproductive evele, what controls the 
reproductive cycle? The logical place to look would seem 
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FIGURE 4-23. When army ants move from one bivouac to another during their nomadic phase, the workers transport the larvae by 
carrying them slung beneath the body. In this photograph of an emigrating Eciton hamatum colony, workers are also seen (upper left) 
carrying a polybiine wasp larva, which had been captured as prey (photograph courtesy of C. W. Rettenmeyer). 
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FIGURE 4-24. During emigrations army ants sometimes create living bridges of their own bodies. In this photograph the workers of 
an Eciton burchelli colony can be seen linking their legs and, along the top of the bridge, hooking their tarsal claws together to form 
irregular systems of chains. A symbiotic silverfish, Trichatelura manni, is seen crossing the bridge in the center (photograph courtesy of 
C. W. Rettenmeyer). 
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to be the queen. By her astonishing capacity to lay all of 
her eggs in one brief burst, she creates the synchronization 
of brood development, which is the essential feature for 
the colonial control of the activity cycle. At first Schneirla 
(1944) concluded that this reproductive effort by the queen 
is the “pace-maker,” thus implying that the queen herself 
is the seat of an endogenous rhythm. Later, however, 
Schneirla (1949b, 1956a) modified his hypothesis by 
viewing the queen and her colony as reciprocally donating 
elements in an oscillating system: “When each successive 
brood approaches larval maturity, the social-stimulative 
effect upon workers nears its peak. The workers thus 
energize and carry out some of the greatest raids in the 
nomadic phase, with their byproduct larger and larger 
quantities of booty in the bivouac. But our histological 
studies show that, at the same time, more and more of 
the larvae (the largest first of all) soon reduce their feeding 
to zero as they begin to spin their cocoons. Thus in the 
last few days of each nomadic phase a food surplus in- 
evitably arises. At this time the queen apparently begins 
to feed voraciously. It is probable that the queen does not 
overfeed automatically in the presence of plenty, but that 
she is started and maintained in the process by an aug- 
mented stimulation from the greatly enlivened worker 
population. Within the last few days of each nomadic 
phase, the queen’s gaster begins to swell increasingly, first 
of all from a recrudescence of the fat bodies, then from 
an accelerating maturation of eggs. The overfeeding evi- 
dently continues into the statary phase, when, with colony 
food consumption greatly reduced after enclosure of the 
brood, smaller raids evidently bring in sufficient food to 
support the processes until the queen becomes maximally 
physogastric. These occurrences, which are regular and 
precise events in every Eciton colony, are adequate to 
prepare the queen for the massive egg-laying operation 
which begins about one week after the nomadic phase has 
ended.” While this interpretation makes a pretty story, it 
is constructed on nothing more than fragments of very 
circumstantial evidence. The crucial question is un- 
answered as to whether the queen really is stimulated to 
feed in excess by the greater abundance of food or at least 
by the higher intensity of worker activity associated with 
the food, as Schneirla posited, or whether her increased 
feeding is timed by some other, undetermined physio- 
logical event. Since work on Eciton physiology is still vir- 
tually nonexistent, and experimental evidence of any kind 
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FIGURE 4-25. Theroute followed by a colony of Eciton 
hamatum for 114 days as it emigrated from one site to another 
on the eastern side of Barro Colorado Island. Double circles 
indicate the bivouac sites of the statary phases; small circles, 
the bivouac sites of the nomadic phases; double broken lines, 
the successive routes of emigration; and dotted lines, some of 
the routes followed in daily raiding. The contour intervals are 
6.1 m. (from Schneirla, 1949a). 
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very sparse, one can do no more than reflect on these 
possibilities as competing hypotheses. 

The same hesitant evaluation must be made with re- 
spect to our current understanding of the actual commu- 
nicative stimuli that mediate the activity cycles. In his 
voluminous theoretical writings on the subject, Schneirla 
often spoke of “trophallaxis” as the driving force of the 
cycles, but it is clear that he meant this term to be virtually 
synonymous with “communication” in the broadest sense. 
Apparently he had no clear ideas about the nature of the 
signals utilized. In earlier articles he attributed much of 
the stimulative effect of the larvae to their “squirming”; 
later he stressed the probable existence of pheromones as 
well. But these speculations were based almost entirely 
on observations of the more obvious outward signs of 
communication, a level of study usually inadequate to 
distinguish even the sensory modalities employed in com- 
munication within insect colonies and unlikely to identify 
the signals employed (see Chapter 12). Lappano (1958) 
discovered that the labial glands of burchelli larvae be- 
come fully functional on the eighth or ninth nomadic day, 
about the time raiding activity reaches its peak. She con- 
cluded that the labial glands are “probably” producing 
a pheromone that excites the worker. But again, the only 
evidence available is the stated coincidence in time of the 
two events. Our lack of knowledge of the semiotic basis 
of the Eciton cycle is due simply to the lack of any serious 
attempt to obtain it. This interesting subject does not seem 
to me to be likely to resist sustained experimental study; 
any such effort in the future is likely to yield exceptionally 
interesting results. 

Another point on which Schneirla was inadvertently 
misleading was his failure to distinguish between ultimate 
and proximate causation. After he had demonstrated the 
endogenous nature of the cycle, and its control by syn- 
chronous brood development, he dismissed the role of 
food depletion. The emigrations, he repeatedly asserted, 
are caused by the appearance of callow workers and the 
older larvae; they are not caused by food shortage. He 
overlooked the fuller evolutionary explanation combining 
the two causations: that the adaptive significance of the 
emigrations is to take the huge colonies to new food 
supplies at regular intervals, and that in the course of 
evolution the emergence of callows and larvae have come 
to be employed as the timing signals. Stated another way, 
if there is a selective advantage for colonies to move 
frequently to new feeding sites (and all of the evidence 
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from the Eciton studies suggests that this is so), then worker 
behavior would tend to evolve in such a way as to syn- 
chronize the emigrations precisely with the presence of 
the life stages that cause the greatest food shortage. The 
shift in the proximate cause of emigration from exoge- 
nous to endogenous controls does not alter the nature 
of the ultimate cause of emigration, which in the case of 
army ants seems most probably to be chronic depletion 
of food sources. | 

Colony multiplication in Eeiton, first elucidated by 
Schneirla and R. Z. Brown (1950, 1952), is a highly spe- 
cialized and ponderous operation. Through most of the 
year the mother queen is the paramount center of attrac- 
tion for the workers, even when she is in competition with 
the mature worker larvae toward the close of each no- 
madic phase. By serving as the focal point of the aggre- 
gating workers, she literally holds the colony together. The 
situation changes drastically, however, when the annual 
sexual brood is produced early in the dry season. This kind 
of brood contains no workers, but, in E. hamatum at least, 
it consists of about 1,500 males and 6 new queens. Even 
when the sexual larvae are still very young, a large fraction 
of the worker force becomes affiliated with the brood as 
opposed to the mother queen. By the time the larvae are 
nearly mature, the bivouac can be found to consist of two 
approximately equal zones: a brood-free zone containing 
the queen and her affiliated workers, and a zone in which 
the rest of the workers hold the sexual brood. The colony 
has not yet split in any overt manner, but important 
behavioral differences between the two sections do exist. 
For example, if the queen is removed for a few hours at 
a time, she is readily accepted back into the brood-free 
zone from which she originated, but she is rejected by 
workers belonging to the other zone. Also, there is evi- 
dence that workers from the queen zone cannibalize 
brood from the other zone when they contact them. 

The young queens are the first members of the sexual 
brood to emerge from the cocoons. The workers cluster 
excitedly over them, paying closest attention to the first 
one or two to appear (see Figure 4-26). Several days later 
the new adult males emerge from their cocoons. This event 
energizes the colony, sets off a maximum raid followed 
by emigration, and at last splits the bivouac. Raids are 
conducted along two radial trails from the old bivouac 
site. As they intensify during the day, the young queens 
and their nuclei of workers move out along one of the 
trails, while the old queen with her nucleus moves out 
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FIGURE 4-26. An Eciton hamatum bivouac just prior to 
colony division. The left portion of the bivouac contains the 
mother queen but no brood, while the right portion contains the 
sexual brood. Two of the virgin queens (v.91 and v.?2) have 
emerged from their cocoons and moved to one side of the 
bivouac, to be attended by clusters of workers who still run 
back and farth to the bivouac along odor trails. A third virgin 
queen (v.?3) has emerged more recently and is still confined 
within a knot of workers in the bivouac wall, while two others 
remain in the pupal stage within cocoons. The males are also 
still in the pupal stage (from Schneirla, 1956b). 


along the other. When the derivative swarm begins to 
cluster at the new bivouac site, only one of the virgin 
queens is able to make the journey to it. The others are 
held back by the clinging and clustering of small groups 
of workers. They are, to use Schneirla’s expression, “sealed 
off” from the rest of the daughter colony. Eventually they 
are abandoned and left to die. Now there exist two colo- 
nies: one containing the old queen; the other, the success- 
ful virgin, daughter queen. In a minority of cases the old 
queen is also superseded. That is, the old queen herself 
falls victim to the sealing-off operation, leaving both of 
the two daughter colonies with new virgin queens. This 
presumably happens most often when the health and 
attractive power of the old queen begin to fail prior to 
colony fission. The maximum age of the Eciton queen is 
not known, but is believed to be relatively great for an 
insect; a marked queen of E. burchelli, for example, was 
recovered by Rettenmeyer after a period of four and a 
half years. The males, in contrast, enjoy only one to three 
weeks of adult existence. Within a few days of their 
emergence, at least some of them depart on flights away 
from the home bivouac in search of other colonies. It is 
also possible that a few remain behind to mate with their 
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sisters; the matter simply has not been documented either 
way. In any case the new queens are fecundated within 
a few days of their emergence, and almost all of the males 
disappear within three weeks after that. Rettenmeyer 
(1963a) has described the actual mating, and he has pre- 
sented evidence that a queen sometimes mates more than 
once in her lifetime and may even mate annually. 

The genus Eciton represents one of the furthest exten- 
sions of an evolutionary trend that has begun inde- 
pendently in many different groups of ants. It is seldom 
recognized that the behavior patterns characteristic of the 
doryline “army ants” also occur, at least to a limited 
extent, in some groups of the primitive subfamily Pon- 
erinae. In the past, entomologists have tended to speak 
of true army ants as occurring only in the Dorylinae and 
Leptanillinae, or in the Dorylinae exclusively, but this 
simple taxonomic qualification is not wholly adequate, 
particularly in view of the fact that there is now evidence 
to suggest that the tribe Dorylini and the genus Aenictus 
may each have been derived from stocks separate from 
the New World members of the “subfamily Dorylinae” 
(W. L. Brown, 1954; personal communication). The best 
definition of the expression “army ant” may well be a 
functional one, of the sort offered in the second edition 
of Webster’s New International Dictionary: Any species of 
ant that goes out in search of food in companies, particu- 
larly the driver and legionary ants. It should be added 
here, in order to clarify the vernacular nomenclature, that 
there has been a tendency by recent authors to use the 
terms “army ant” and “legionary ant” interchangeably. 
According to the same source, the term “legionary ant” 
refers first to the New World army ants of the genus 
Eciton, and second to the “driver ants” of the genus 
Anomma. Most English-speaking authors of the past fifty 
years have used this expression to mean specifically Eciton 
and its relatives, while employing “army ant” to cover all 
of the dorylines. I prefer to use the two terms synony- 
mously in the broader functional sense. 

Actually, the definition just quoted is incomplete. Upon 
closer examination of the subject one finds that there are 
really two discrete features that can be considered funda- 
mental in army ant (legionary) behavior. These diagnostic 
features have been distinguished under the concepts of 
nomadism and group-predation (Wilson, 1958b). Nomad- 
ism is defined as relatively frequent colony emigration. 
Most, if not all, ant species shift their nest site if the 
environment of the nest area becomes unfavorable, and 
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FIGURE 4-27. Representatives of the Leptanillinae, the 
little-known group of subterranean ants believed to have le- 
gionary habits. Leptanilla minuscula: (a) male; (b, c) head and 
genitalia of male. L. revelieri: (d, e) dichthadiiform queen; (f) 
worker (from Wheeler, 1910; after Emery and Santschi). 
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some, for example the famous Argentine ant, Iridomyrmex 
humilis, are exceptionally restless and normally emigrate 
one or more times during the course of a single season. 
But hitherto none has been found which undertakes emi- 
gration so frequently or accomplishes it in such an orderly 
fashion to cover so much new territory as do the species 
of Eciton and the other, better-known dorylines. Group- 
predation includes both group raiding and group retriev- 
ing in the process of hunting living prey. These two proc- 
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they involve quite different innate behavior patterns and 
are not invariably linked. Many ant species, particularly 
those in the higher subfamilies, engage in group retrieving 
of prey, but relatively few nondorylines also group raid. 
Various ponerines that specialize on termites, such as 
Leptogenys of the processionalis group and species of 
Termitopone, Megaponera, Paltothyreus, and Ophthal- 
mopone (see Wheeler, 1936a), do group raid. The species 
of the subfamily Cerapachyinae, which feed primarily or 
exclusively on other ants (Wilson, 1958b), also group raid. 
Predatory behavior of this kind is distinct from the pecu- 
liar form of raiding conducted by the slave-making ants, 
including Polyergus, Rossomyrmex, Strongylognathus, and 
members of the Formica sanguinea group, which are spe- 
cialized parasites that hunt live captives rather than prey. 

How much are nomadism and group-predation associ- 
ated in ants? Only a very incomplete answer can be sup- 
plied to this question since we are still handicapped by 
a scarcity of information on the extent of nomadism, or, 
for that matter, emigration of any sort, in most ant groups. 
Yet it can at least be established that the association of 
nomadism and group raiding, constituting the most gen- 
eral characteristics of “army ant” behavior, does exist in 
groups other than the Dorylinae. I have listed the known 
cases in Table 4-5. An additional characteristic of most 
of these species is the independent evolutionary develop- 
ment of the peculiar queen form known as the dichthadi- 
igyne. As exemplified in Eciton and Dorylus (Figures 4-22 
and 30), the dichthadiigyne is a permanently wingless 
form with greatly reduced eyes, massive pedicel and ab- 
domen, and strong legs. Its aberrant morphology clearly 
contributes to two of its adaptations to nomadic life: its 
capacity to deliver large quantities of eggs during a short 
span of time, and its ability to run under its own power 
from one bivouac site to another. 

A great deal more research is needed on the non- 
doryline army ants. The biology of the enigmatic little 
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TABLE 4-5. Genera and higher taxa of ants whose species show legionary behavior. 
ia a Ze S S a 


Approximate 
number of 
described 
Genus Distribution species Authority 
Subfamily Dorylinae 
Tribe Dorylini 
Dorylus (Subgenera: Dorylus, Africa to tropical Asia 20 Emery (1910), Wheeler (1922), 
Alaopone, Dichthadia, Wilson (1964), Raignier and van 
Rhogmus, Typhlopone) Boven (1955) 
Anomma Africa 8 Wheeler (1922), Raignier and van 
Boven (1955) 
Aenictus Africa to tropical Asia and 50 Wilson (1964) 
Queensland 
Tribe Cheliomyrmecini 
Cheliomyrmex South America to southern Mexico 5 Wheeler (1921a) 
Tribe Ecitonini 
Eciton South America to southern Mexico 12 Borgmeier (1955) 
Labidus South America to Texas 8 Creighton (1950), Borgmeier (1955) 
Nomamyrmex South America to Texas 2 Creighton (1950), Borgmeier (1955) 
Neivamyrmex South America to Iowa and Virginia 100 Smith (1942), Creighton (1950), 
Borgmeier (1955) 
Subfamily Leptanillinae 
Leptanilla Africa, tropical Asia, Australia, 10 G. C. and J. Wheeler (1965), 
South America Petersen (1968) 
Leptomesites, Noonilla, Tropical Asia 4 G. C. and J. Wheeler (1965), 
Phaulomyrma, Scyphodon Petersen (1968) 
Subfamily Ponerinae 
Tribe Ponerini 
Leptogenys (kitteli and Tropical Asia to Queensland 10 Wilson (1958b, c) 
processionalis groups) 
Megaponera Africa l Wheeler (1936a) 
Simopelta Central and South America 8 Wilson (1958b), Gotwald and 
Brown (1966) 
Tribe Amblyoponini 
Onychomyrmex Australia 3 Wheeler (1916b), Wilson (1958b) 


subfamily Leptanillinae, for example, has received almost 
no attention (see Figure 4-27). Enough is known of the 
ponerine representatives, on the other hand, to cast some 
light on the origin and early evolution of the legionary 
pattern. Elsewhere (Wilson, 1958b), I have pointed out 
that the key to understanding lies in the adaptive signifi- 
cance of group raiding. It had been stated repeatedly by 
previous myrmecologists that compact armies of ants are 
more efficient at flushing and capturing prey than are 
assemblages of foragers acting independently. This ob- 


servation is certainly correct, but it is not the whole story. 
In my opinion there is another, primary function of group 
raiding that becomes clear only when the prey preferences 
of the group-raiding ponerines, cerapachyines, and dory- 
lines are compared with those of the ponerines that forage 
in solitary fashion. Most nonlegionary ponerine species 
for which the food habits are known take living prey of 
approximately the same size as their worker caste or 
smaller. As a rule they must depend on proportionately 
small animals that can be captured and retrieved by lone 
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FIGURE 4-28. The worker of Leptogenys purpurea, a le- 
gionarv ponerine ant that occurs on New Guinea (from Wilson, 
1958c). 


foraging workers. Group-raiding ants. on the other hand, 
feed on large arthropods or the brood of other social 
insects, prey not normally accessible to ants foraging 
solitarily. Thus, the species of Onvchomyrmex and the 
Leptogenys diminuta group specialize on large arthropods: 
those of Eciron and Anomma prey on a wide variety of 
arthropods that include social wasps and other ants: spe- 
cies of Simopelta and the Cerapachyinae specialize on 
other ants: and Megaponera foetans specializes on ter- 
mites. 

With this generalization in mind, it is relatively easv 
to reconstruct the steps in evolution leading to the full- 
blown legionary behavior of the Dorylinae. 

l. Group raiding is developed to allow specialized 
feeding on large arthropods and other social insects. 
Group raiding without nomadism may occur in some of 
the cerapachyine ants, for example. Cerapachys and 
Phyracaces, but this is probably a short-lived stage. soon 
giving way to the next step. 

2. Nomadism is either developed concurrently with 
group-raiding behavior. or it is added shortly afterward. 
The reason for this new adaptation is that large arthropods 
and social insects are more widely dispersed than other 
types of prey, and the group-predatory colony must con- 
stantly shift its trophophoric field to tap new food sources. 
With the acquisition of both group-raiding and nomadic 
behavior. the species is now truly “legionary.” that is. an 
army ant in the functional sense. Most of the group- 
raiding ponerines have evidently reached this adaptive 
level. Colony size in these species averages larger than in 
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related. nonlegionary species, but it does not approach 
that attained by Eciron and Anomma. 

3. As group raiding becomes more efficient. large col- 
ony size becomes possible. This stage has been attained 
by many of the Dorylinae, including the species of Aenic- 
tus and Neivamyrmex and at least some of the column- 
raiding Eciton (dulcius. hamatum. mexicanum, vagans). 

4. The diet mav be expanded secondarily to include 
other smaller and nonsocial arthropeds and even small 
vertebrates and vegetable matter; concurrently, the colony 
size becomes extremely large. This is the stage reached 
by the driver ants of Africa and tropical Asia (dAnemma 
and Dorvlus), the species of Labidus, and Eciton burchelli 
most or all of which also utilize the technique of swarm 
raiding as opposed to column raiding. 

The Dorylinae. then, constitute either a phyletie group 
of species or a conglomerate of two or more convergent 
phyletic groups that have triumphed as legionarv ants 
over all their competitors. They not only outnumber other 
kinds of legionary ants in both species and colonies. but 
they tend to exclude them altogether. Cerapachvines, for 
example, are relatively scarce throughout the continental 
tropics wherever dorvlines abound, but they are much 
more common in remote places not vet reached by 
dorvlines—for example. Madagascar, Fiji. New Caledonia, 
and most of Australia. An idea of the diversity of the 
Dorvlinae can be gained from the synopsis presented in 
Table 4-6. Among the more interesting and problematical 
members are the species of Aenictus. Most authorities in 
the past have regarded them as primitive members of the 
tribe Dorylini. but W. L. Brown (personal communi- 
cation), who is currently reclassifving ants at the level of 
the genus, considers them to represent a third phyletic line 
of advanced army ants, possibly independent of both the 
Dorvlini and Ecitonini. Schneirla (personal communi- 
cation), while studying 4. gracilis and A. laeviceps in the 
Philippine Islands in the years just before his death in 
1968, detected what he considered to be a relatively prim- 
itive behavioral trait. The colonies undergo a continuous 
alternation between rigidly timed statarv and nomadic 
phases. as in Eciron. But whereas Eciron conducts one 
precisely programmed emigration a day during the no- 
madic phase, Aenictus can conduct several, the number 
being a function of the degree of hunger in the brood. 
Thus Aenicrus is somewhat more subject to exogenous 
influence in its activity evele than Eciron, a characteristic 
which seems prima facie to be more primitive. Cheliomyr- 


TABLE 4-6. Comparison of some biological characteristics of the best-known species of legionary ants of the 


“subfamily Dorylinae.” 
Number of workers 
Species per colony Nesting habits Diet Raiding pattern Cycle Authority 
Tribe Dorylini 
Anomma 2 million (Vosseler) Subterranean clustering Many kinds of Swarm about 12m  Emigrations irregular, Raignier and van 
wilverthi 15 million- with much excavation of small animals, wide in front, average one about every Boven (1955) 
22 million soil mostly tapers to trunk 20-25 days and continue 
(Raignier and arthropods; columns in rear; day and night for 2-3 
van Boven) some vegetable raids begin any days for average of 
matter time, usually at 223 m; occur when brood 
night consists mostly of worker 
pupae 
Aenictus 60,000-1 10,000 Cluster in sheltered Mostly other ants, Weak dendritic The Eciton pattern is Schneirla (1965 
laeviceps places on the social wasps, and columns, mostly followed except that as and personal 
ground surface termites; a few over the surface many as 5 or more communication) 
during nomadic other arthropods of the ground; emigrations occur daily 
phase, moving raids occur any when larvae are most 
underground time, day or active during nomadic 
during statary night. phase; considered a 
phase primitive condition; 
nomadic phase lasts 
about 14 days, statary 
phase 28 days 
Tribe Ecitonini 
Eciton 150,000-700,000 Exposed clusters Arthropods of a Swarm 10-15min Nomadic phase Schneirla (1957a) 
burchelli above surface, wide variety, front, tapers to (11-17 days) alternates 
often arboreal; including trunk column in with statary phase 
no modification immature stages rear; raid begins (19-22 days); 
of bivouac site of social wasps at daybreak, emigrations daily during 
and ants ends at dusk nomadic phase, which 
begins when adults 
eclose from pupae 
Eciton 100,000-500,000 Exposed clusters Immature stages of  Several dendritic As in E. burchelli, except Schneirla (1957a) 
hamatum above surface, social wasps and columns lead that nomadic phase lasts Rettenmeyer 
seldom arboreal; other ants away from 16-18 days and statary (1963a) 
no modification bivouac site; phase 17-22 days 
of bivouac site raid begins at 
daybreak, ends 
at dusk 
Eciton ? Mostly in Primarily immature Asin E. hamatum, Emigrate with larvae and Fiebrig (1907), 
vagans preformed stages of other except that callow adults Schneirla et al. 
subterranean ants, plus a few columns are (1954) 
cavities such as other arthropods partly Rettenmeyer 
abandoned ant subterranean and (1963a) 
nests, also in and partly nocturnal 
under rotting 
logs; some 
exçavation is 
practiced 
Labidus “Probably” over As in E. vagans; Arthropods of a Swarm variable in Emigrations occur, but Rettenmeyer 
praedator 1 million some excavation wide variety, size and shape; pattern is apparently (1963a) 
is practiced including front usually less irregular and not closely 
immature forms than 4 m across, correlated with brood 
of other ants; tapering to trunk development 
some nuts and columns; much 
other vegetable of the raiding is 
matter underground and 
occurs day and 
night 
Nomamyrmex 9 Subterranean Mostly brood of Weak dendritic Probably an irregular Rettenmeyer 
esenbecki i bivouac sites other ants; some columns, mostly Eciton pattern, but (1963a) 
of unknown other arthropods under objects on evidence is incomplete 
nature also ground or 
underground 
Neivamyrmex  80,000-140,000 Mostly Primarily other Weak dendritic The Eciton pattern is Schneirla (1958, 
nigrescens subterranean ants; also a few columns, mostly followed but less 1961, 1963) 
bivouac sites, beetles and other over the surface regularly, with Rettenmeyer 
often under small arthropods of the ground but emigrations less than (1963a) 
rocks and logs; partly daily during the nomadic 
also occasionally subterranean; phase; nomadic phase 


in rotting logs 


raid at night or 
on overcast days 


lasts about 14 days, 
statary phase 19-21 days 
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FIGURE 4-29. The army ant Cheliomyrmex nortoni of 
Central America: (a) soldier; (b) head of soldier seen from 
above; (c) media; (d) head of media; (e) minor worker; (f) 
tarsus showing toothed claws (from Wheeler, 1910). 


mex, a rare genus found in the rain forests of the New 
World tropics, also has an archaic appearance. Although 
it is polymorphic and has a specialized mandibular struc- 
ture placing it close to the Ecitonini, it possesses a single- 
jointed pedicel and toothed tarsal claws, both regarded 
as primitive traits (see Figure 4-29). Unfortunately, aside 
from a single raid and an emigration (with larvae) by a 
C. megalonyx colony reported by Wheeler in 1921, noth- 
ing is known of its biology. 

The African driver ants of the genus Anomma and 
Dorylus differ from the ecitonines in several important 
details of the activity cycle, which are apparently caused 
by peculiarities in the queen caste (Raignier and van 
Boven, 1955). The queens are the largest of all ants 
(Figure 4-30). Those of Anomma vary from 39 to 50 mm 
in total length and possess as many as 14,000 ovarioles 
capable of delivering 3 to 4 million eggs in a month. The 
abdomen is in a permanent state of moderate physogastry, 
and the queen lays eggs more or less continuously. Most 
of the eggs, however, are produced in bursts that come in 
approximately three-week intervals and last five or six 
days. The ensuing development of the larval brood ap- 
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pears to have little effect on the inducement of emigration. 
In fact, larvae are usually outnumbered by pupae in the 
brood of emigrating colonies. No clock-like alternation 
between statary and nomadic phases of the Eciton type 
is displayed by the colonies of Anomma. The emigrations, 
which take several days to complete, are separated by 
statary periods that vary in duration from six days to two 


FIGURE 4-30. The castes of the driver ant Dorylus helveolus 
drawn at the same magnification: (A) queen (dichthadiigyne) 
from above; (B) queen from the side (a, vestige of eye; b, c, 
vestiges of wings; d, propodeal spiracle); (C) major worker; 
(D) minor worker; (£) male; (F) tip of queen’s abdomen seen 
from the side. (G, H) views of the abdominal tip of the related 
species D. furcatus (from Emery, 1895). 
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or three months. The bivouacs of Anomma are also much 
more Stable affairs than those of Eciton and most other 
army ants. The colonies settle deeply into the soil at the 
end of the emigration, excavating labyrinthine systems of 
galleries and chambers to a depth of 1 to 4m. 

From these secure nests the Anomma send forth almost 
daily raids. The swarm pattern, illustrated in Figure 4-31, 
unfolds like a great pseudopodium. It engulfs all of the 
ground and low vegetation in its path, and then, after a 
few hours, drains back to the bivouac site. The advance 
is leaderless. The excited workers rush back and forth at 
an average speed of 4 cm per second. Those in the van 
press forward for a short distance and then retreat back 
into the mass to give way to new advance runners. The 
columns resemble thick black ropes lying along the 
ground. A close examination shows them to be dozens or 
hundreds of workers wide. The ants are so dense that they 
pile on top of one another and run along on one another’s 
backs, while some spill away from the column and form 
scattered crowds to either side, their antennae and man- 
dibles pointed upward in threatening postures. The frontal 
swarm, which contains up to several millions of workers, 
advances at a rate of about 20 m per hour, gathering and 
killing almost all insects and larger animal life too sluggish 
to get out of the way. Savage’s famous account of 1847 
expresses the drama of the Anomma foray: 


They will soon kill the largest animal if confined. They attack 
lizards, guanas, snakes, etc. with complete success. We have lost 
several animals by them,—monkeys, pigs, fowls, etc. The sever- 
ity of their bite, increased to great intensity by vast numbers, 
it is impossible to conceive. We may easily believe that it would 
prove fatal to almost any animal in confinement. They have 
been known to destroy the Python natalensis, our largest serpent. 
When gorged with prey it lies powerless for days; then, monster 
as it is, it easily becomes their victim . . . Their entrance into 
a house is soon known by the simultaneous and universal 
movement of rats, mice, lizards, Blapsidae, Blattidae and of the 
numerous vermin that infest our dwellings. Not being agreed, 
they cannot dwell together, which modifies in a good measure 
the severity of the Driver’s habits, and renders their visits 
sometimes (though very seldom in my view) desirable. Their 
ascent into our beds we sometimes prevent by placing the feet 
of the bedsteads into a basin of vinegar, or some other uncon- 
genial fluid; this will generally be successful if the rooms are 
ceiled, or the floors overhead tight, otherwise they will drop 
down upon us, bringing along with them their noxious prey in 
the very act of contending for victory. They move over the house 
with a good degree of order unless disturbed, occasionally 
spreading abroad, ransacking one point after another, till, either 
having found something desirable, they collect upon it, when 
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FIGURE 4-31. The general pattern of advance (4-C) and 
retreat (D, E) of a swarm raid by an Anomma colony from its 
bivouac site (from Raignier and van Boven, 1955). 


they can be destroyed “en masse” by hot water; or, disap- 
pointed, they abandon the premises as a barren spot, and seek 
some other more promising for exploratior. When they are 
fairly in we give up the house, and try to await with patience 
their pleasure, thankful, indeed, if permitted to remain within 
the narrow limits of our beds or chairs. They are decidedly 
carnivorous in their propensities. Fresh meat of all kinds is their 
favourite food; fresh oils they also love, especially that of the 
Elais guiniensis, either in the fruit or expressed. Under my 
observation they pass by milk, sugar, and pastry of all kinds, 
also salt meat; the latter, when boiled, they have eaten, but not 
with the zest of fresh. It is an incorrect statement, often made, 
that “they devour everything eatable” by us in our houses; there 
are many articles which form an exception. If a heap of rubbish 
comes within their route, they invariably explore it when larvae 
and insects of all orders may be seen borne off in tri- 
umph,—especially the former. 


In answer to the single question I am asked most fre- 
quently about ants, I can give the following answer: No, 
driver ants are not really the terror of the jungle. Although 
the driver ant colony is an “animal” weighing in excess 
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of 20 kg and possessing on the order of 20 million mouths 
and stings and is surely the most formidable creation of 
the insect world, it still does not match up to the lurid 
stories told about it. After all, the swarm can only cover 
about a meter of ground every three minutes. Any com- 
petent bush mouse, not to mention man or elephant, can 
step aside and contemplate the whole grass-roots frenzy 
at leisure, an object less of menace than of strangeness 
and wonder, the culmination of an evolutionary story as 
different from that of mammals as it is possible to conceive 
in this world. 


The Origin of Social Behavior in Ants 


Except for some specialized modes of colony repro- 
duction, such as the budding exemplified in Monomorium 
pharaonis and the army ants, the details of the colony life 
cycle do not vary greatly within the Formicidae. The 
partially claustral method of colony foundation that 
characterizes Myrmecia is shared with many Ponerinae, 
in particular the species of Amblyopone, Odontomachus, 
Paraponera, Pachycondyla, Bothroponera, Trachymesopus, 
and Proceratium (Haskins and Haskins, 1951). It occurs, 
in addition, in at least two myrmicine species: Acromyr- 
mex octospinosa (Cordero, 1963) and Manica (= Neo- 
myrma) rubida (Le Masne and Bonavita, 1967). Within 
the Ponerinae we can further observe the finely graded 
steps leading from the partial to the fully claustral mode 
of colony foundation in which the queen never leaves 
the nest. The queens of Bothroponera soror, for exam- 
ple, belong to an exactly intermediate stage. They for- 
age outside the nest, but their wing muscles are still 
reduced and metabolized as in the higher ants (Haskins, 
1941). The queens of Odontomachus haematodus are ca- 
pable of rearing their first brood at least partially on their 
own oral secretions, but, in one experiment performed by 
Haskins and Haskins (1950b), the larvae did not reach 
maturity. Finally, these authors found that the unusually 
bulky queens of Brachyponera lutea are capable of rearing 
the first brood all the way through on their own secretions, 
even though they also continue to forage outside the nest 
for insect prey when given the opportunity. 

From Brachyponera it is but a short step to the higher 
formicid stage exemplified by Myrmica. The condition 
described earlier for Monomorium pharaonis represents a 
loss of some of the basic behavioral elements of queen 
behavior with the addition of some other minor ones. This 
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is generally true of the other specialized life cycles within 
the ants, including those associated with social parasitism. 

Even though evolution of the life cycle within the con- 
temporary Formicidae can be clearly delineated by com- 
parisons of species, the gap between the most primitive 
living ants (Myrmecia) and their presumptive ancestors 
among the tiphiid wasps remains very great. After the 
discovery of Sphecomyrma pointed to Methocha as the 
closest living wasp genus to at least the myrmecioid com- 
plex of ant subfamilies, my co-workers and I consulted 
the literature to learn whether elements in the behavior 
of Methocha had been detected that might provide hints 
concerning the origin of social life in ants. It was no help 
to learn that all of the several species of Methocha whose 
habits are known are specialized parasitoids on tiger beetle 
larvae. According to Burdick and Wasbauer (1959), for 
example, the female of Methocha californica enters the 
vertical burrow of its prey, stings it into paralysis, lays an 
egg, closes the burrow entrance with soil, and leaves to 
search for new victims (see Figure 4-32.) These observa- 
tions, along with similar ones on Philippine species by 
F. X. Williams, indicate that Methocha has advanced no 
further than the lowly first stage of Evans’ scheme of the 
evolution of social wasps (Chapter 3). Nevertheless, in 
more recent experiments with M. stygia, Donald Farish, 
Barry P. Moore, and I produced evidence that the females 
are capable of something more. When presented with tiger 
beetle larvae on the ground away from the burrows, the 
females stung them into immobility, excavated simple 
cavities in the soil, and buried the larvae. This sequence 
is Evans’ third stage. Ferton (in Wheeler, 1928) has wit- 
nessed similar behavior on the part of Myzus andrei to- 
ward tenebrionid larvae. The option of handling prey in 
a somewhat more complicated manner may prove, on 
closer examination, to be widespread in the Tiphiidae. 
Even so, the gap between Evans’ third stage and the 
well-established eusociality of Myrmecia (stage 13) is vast. 
Perhaps the biology of Nothomyrmecia macrops will nar- 
row the gap somewhat when that enigmatic species is 
finally rediscovered in Australia, but I am not very hope- 
ful. 

The picture is further obscured by the possible inde- 
pendent origin of eusociality, or at least of the thirteenth 
stage of eusociality, in the poneroid complex of ants. The 
most primitive living genus of the complex on morpho- 
logical grounds is Amblyopone. Haskins and Haskins 
(1951), after completing behavioral studies of this genus 
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FIGURE 4-32. The attack of a female Methocha californica 
on a tiger beetle larva. In this sequence of drawings, adapted 
from photographs, the wasp slips through the mandibles of its 
giant prey (1), stings it into paralysis (2), and prepares to de- 
posit an egg (3). After about 100 hours the egg, as seen in (4), 
hatches into a rapidly growing larva that feeds on the living 
but immobile tiger beetle larva (5). Another female is shown 
closing the burrow of a second prey larva following oviposition 
(6) (redrawn from Burdick and Wasbauer, 1959). 


and Myrmecia, drew the following conclusion concerning 
differences between the two genera: “Myrmecia and 
Amblyopone represent widely divergent groups of ants. . . 
They have, in fact, relatively little immediately in common 
save the obviously immensely archaic nature of both 
groups, as unmistakably evidenced in many features of 
individual morphology, of distribution, and of colonial 
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organization. The marked parallelism in the main features 
of the pattern of colony foundation to be observed in both 
groups, therefore, is strongly suggestive that this general 
pattern may represent an approximate recapitulation of 
the manner in which Formicid societies arose. It seems 
likely, in the present state of our knowledge, that the 
existent wealth and variety of Formicid social structures, 
with their tremendous range of variation from group to 
group, took their evolutionary beginnings in the activities 
of solitary, winged, ground-dwelling wasplike types in 
which the female, having dealated herself after fertiliza- 
tion, constructed a shelter in the ground and reared a 
small family to maturity. The larvae were provided with 
freshly killed prey captured and supplied through a be- 
havior pattern intermediate in its complexity between the 
simple provisioning of paralyzed insects characteristic of 
the modern solitary Sphecoid wasps and the malaxated 
pellets of insects prepared for the larvae by their nurses 
in such primitive social Vespids as Polistes.” 

It is still not certain that Amblyopone and its close rela- 
tives really found colonies in just the same way as Myrme- 
cia, as Haskins and Haskins assume. Admittedly, queens 
of Amblyopone australis kept in artificial nests by these in- 
vestigators behaved essentially like Myrmecia queens, and 
the same is true of other ponerines whose colony founding 
has proven to be partially claustral. On the other hand, 
Amblyopone and its relatives differ from other primitive 
ants in a striking way. They favor large arthropods as prey, 
and they have a strong tendency to move their brood to 
newly secured prey rather than the other way around. 
Small, isolated groups of workers and larvae of the North 
American species A. pallipes are often found clustered 
around recently killed centipedes, the usual prey of the 
species (W. L. Brown, personal communication). Since the 
larvae feed directly on the whole centipedes, without 
previous dismemberment, and since these arthropods are 
too large and clumsy to be transported for any distance 
intact, it is clear that the workers transport the larvae to 
the prey rather than the reverse. It is even conceivable 
that colonies emigrate in part or in whole in this fashion 
to follow their food source. I have observed such behavior 
in the big amblyoponine Myopopone castanea in New 
Guinea (Wilson, 1958b). On several occasions small 
groups of workers and larvae were found clustered around 
large wood-boring beetle larvae that could not possibly 
have been carried any significant distance from the spot 
where they had been found and presumably killed by the 
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workers. In one rotting log that I thoroughly dissected, 
workers and larvae of Myopopone were found around two 
such prey at widely separated spots. The conclusion was 
inescapable in this case that the colony had distributed 
itself at least in part to be located near the prey. What 
constitutes “emigration” in Myopopone is nevertheless 
open to question since it can be argued that the entire 
subcortical surface of the log constitutes the “nest” of the 
ants. 

The late Soviet entomologist S. I. Malyshev (1960, 1968) 
went so far as to suggest that such behavior was the key 
step in the socialization of the ants. He postulated that 
specialization on big prey resulted in the mother wasp 
staying in the vicinity of her young long enough for them 
to get to know her and to cooperate with her. Malyshev 
further postulated that the precursors of the ants must 
have fed on fungi growing in the nest walls. Otherwise, 
he contends, the young colonies would have no way of 
tiding over the period of scarcity after the initial large prey 
was consumed. But this suggestion is gratuitous with ref- 
erence to the remainder of the theory and is wholly un- 
supported by any evidence of fungus eating in the lower 
ants. The model for the large prey theory is provided by 
members of the bethylid genus Scleroderma, particularly 
S. immigrans and S. macrogaster, which were studied in 
detail by Bridwell (1920) and Wheeler (1928). The female 
S. macrogaster, for example, is only 2.5 to 3 mm long, and 
she attacks beetle larvae that are hundreds or thousands 
of times greater in bulk. In a typical sequence, the female 
first crawls over the surface of her prey, pausing from time 
to time to grip little folds of the cuticle. As long as the 
muscles beneath in the cuticle show any sign of contrac- 
tion, the female stings at that point. Finally, after one to 
four days, the larva becomes completely paralyzed. The 
Scleroderma now feeds for several days by making little 
punctures in the cuticle and drinking the hemolymph. Her 
abdomen then begins to swell as the ovaries develop, and 
after a time she lays eggs on the surface of the prey. The 
remainder of the life cycle has been described by Wheeler 
in the following striking passage: 

The eggs laid on a larva or young pupa produce minute larvae 


which at first lie on the surface but later become spindle-shaped 
and erect, so that the host bristles with them like a porcupine. ' 
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The older larvae acquire the colour of the juices of the prey; 
those feeding on the pink larvae or pupae of Liopus becoming 
red. They are always spotted with white, owing to the large 
masses of urate crystals in their fat bodies. The mother Sc/ero- 
derma remains with the larvae, often stands over them and may 
sometimes lick them, holding them meanwhile in her fore feet. 
She also continues occasionally to drink the host’s blood, which 
exudes about the deeply inserted heads of her larval offspring. 
Although she will sometimes eat her eggs I have never seen her 
attack one of her larvae. The devouring of some of the eggs 
seems to be due to a tendency to regulate their number accord- 
ing to the volume of the prey. When the larvae are mature they 
fall away from its shrivelled and exhausted remains and spin 
snow-white cocoons in a cluster. Pupation covers a period of 
fourteen to thirty days. The males emerge first from their 
cocoons, at once eat their way into the female cocoons and 
fecundate the pupae. They also mate readily with the same 
individual five to eight times after brief intervals. The same 
females may also mate with several males in succession. So great 
is the ardour of the latter that they often attempt to mate with 
one another. The mother being a long-lived insect may mate 
with one of her sons and will readily paralyze another beetle 
larva, rear another brood and mate again with one of her 
grandsons. (Wheeler, 1928:63). 


Although Malyshev, inspired by Wheeler’s observa- 
tions, speaks of the “sclerodermoid ancestors” of the ants, 
morphological evidence rules against any of the ant 
groups having been derived from Scleroderma-like pro- 
genitors or any of the other known Bethylidae. Never- 
theless, the possibility exists that eusociality in the 
Amblyoponini or their tiphiid ancestors originated 
through a form of subsociality similar to that in Sclero- 
derma. The myrmecioids, in contrast, evidently ap- 
proached eusociality through the Myrmecia form of par- 
tially claustral nest formation. The behavior patterns of 
ponerines other than the Amblyoponini are, furthermore, 
fully consistent with this latter conception. The possibility 
must therefore be considered that the Amblyoponini rep- 
resent an independent line of ants which differs from other 
ant stocks in having passed through a Scleroderma-like 
form of subsociality. This matter might be clarified by 
comparative studies of the genera of the Amblyoponini 
(Amblyopone, Myopopone, Mystrium, Prionopelta, Onycho- 
myrmex), with close attention to the details of their colony 
founding. The biology of the great majority of the amblyo- 
ponine species is still wholly unknown. 
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Eusociality has arisen at least eight times within the bee 
superfamily Apoidea by both the parasocial and subsocial 
routes, and presociality of nearly every conceivable degree 
has emerged on an uncounted number of other occasions. 
This prevalence and great variability of social behavior 
in bees provides an opportunity to study the evolution of 
social behavior paralleled only in wasps, an opportunity 
that has only begun to be exploited. Even more than in 
wasps, steps in the evolutionary progression of bee social- 
ity can be delineated within small groups of related species 
and faunal units. In the subgenus Seladonia of Halictus, 
for example, are found species ranging from completely 
solitary to moderately eusocial in behavior. By coinci- 
dence, the two extremes are represented in turn by the 
only two species of Seladonia known to occur in Japan 
(Sakagami and Fukushima, 1961). Such evolutionary 
spans are commonplace in the Halictinae. When small sets 
of halictine species are randomly chosen for analysis out 
of local faunas, the chances are always high that they will 
embrace much of the full range of sociality. A case in point 
is Suzanne Batra’s (1966c) eleven-month study of halictine 
bees in India. Among twelve species selected for their 
accessibility, three were found to be solitary, two commu- 
nal, two quasisocial, and five eusocial to varying degrees. 
The replicability of the progression seen in samples of 
various genera taken from different parts of the world, 
particularly within the Halictinae, offers the promise that 
eventually the more important evolutionary hypotheses 
can be subjected to statistical testing. A further advantage 
stems from the fact that the honeybee (Apis mellifera) has 
been by far the most intensively studied of all social 
insects and is available as a base line for comparative 
studies of most aspects of behavior and physiology. 


All the bees together comprise the superfamily Apoidea. 
On morphological grounds they fall closest to the sphecoid 
wasps, although the lack of an adequate fossil record has 
made it impossible to pinpoint the exact ancestral phyletic 
line. In a word, the Apoidea can be loosely characterized 
as sphecoid wasps that have specialized on collecting 
pollen instead of insect prey as larval food. The adults 
are still wasp-like in that they eat nectar (and sometirnes 
store it, in the form of honey), but, unlike the vast majority 
of true wasps, including all of the sphecoids, they feed 
their larvae on pollen or pollen-honey mixtures. Some of 
the eusocial species feed their larvae on specialized glan- 
dular products derived ultimately from pollen and nectar. 
The adult morphology is modified in peculiar ways to 
facilitate this dietary specialization. Plumose (branched) 
hairs occur on the body and evidently serve to collect and 
to carry pollen during visits to flowers. Most kinds of bees 
collect the bulk of the pollen with specialized, often curved 
or hooked hairs on the front tarsi and then transfer it to 
scopae. In the halictids and many colletids and andrenids, 
pollen is carried on scopal hairs arrayed along the hind 
legs all the way from the coxae to the basitarsi, but much 
of it is also borne by similar hairs on the sides of the 
propodeum and undersurface of the abdomen. The 
megachilids are distinguished by the fact that pollen is 
carried exclusively by an enlarged, dense scopa on the 
undersurface of the abdomen. In the Apidae the outer 
surfaces of the hind tibiae and basitarsi have assumed the 
exclusive carrying role. In the Apinae in particular, which 
includes the honeybee genus Apis, the hind tibiae have 
been expanded; their inner surfaces are slightly concave 
and lined on the outside with “pollen combs,” rows of stiff 
hairs in which the pollen is compacted in the form of balls. 
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FIGURE 5-1. The principal features of the external anatomy 


of the honeybee worker (Apis mellifera): The principal veins 
of the fore wing shown are the costa (C), the radius (R), the 
radial sector (Rs), the media (M), the cubitus (Cu), the fused 
portions of the media and cubitus (M+ Cu), and the vannal 
veins (V). The abdominal segments are labeled with roman 
numerals. The first of these segments, the propodeum, is fused 
anteriorly to the thorax (based on Michener, 1944; Snodgrass, 
1956). 


The entire basket-like structure is called the corbicula. The 
pollen combs and brushes tend to be lost in parasitic 
groups such as the halictine Sphecodes. Scopal hairs are 
also lacking in the robber genus Lestrimelitta (Apidae: 
Meliponini) and in some of the Colletidae, the females 
of which carry their pollen mixed with nectar or honey 
in the crop. 

The present bee fauna probably originated as far back 
as the Cretaceous era, more than 70 million years ago. 
H. E. Evans (1969) has recently described two sphecoid 
wasps from the Cretaceous, one of them generalized 
enough to be a possible ancestor of the Apoidea. Many 
specialized bee genera, as well as genera of sphecid wasps, 
are known from the Baltic amber, Florissant shales, and 
Oeningen shales, all of Oligocene age. The present bee 
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fauna has evolved for over 50 million years in close con- 
cert with the angiosperms on whose flowers they depend. 
Apparently many groups are still very actively speciating, 
with the result that bees as a whole are taxonomically 
difficult. 

In 1953 a total of 3,285 bee species had been described 
from North America, and it seems reasonable that the 
figure will eventually reach 4,000. Michener (1969a), on 
the basis of the latter estimate and his personal experience 
with the faunas of Central and South America, Africa, 
and Australia, has guessed that the world contains about 
20,000 living species of bees. The estimate is the same as 
that inferred by Friese (1923) on the basis of earlier taxo- 
nomic studies. Only a small but as yet undetermined 
minority of the total are presocial and eusocial. 

A partial classification of the bees is given in Table 5-1 
and a simple phylogeny of families in Figure 5-2. Modern 
taxonomic studies of the apoid families containing social 
species have been only partially completed. Michener’s 
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FIGURE 5-2. Simple branching diagram of the phylogeny 
(cladogram) of the families of the bees (Apoidea) (modified 
from Michener, 1964a, and personal communication). 
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TABLE 5-1. Families, subfamilies, and principal tribes 
of bees (superfamily Apoidea), the degrees of sociality 
exhibited by various of their species, and their world 
distribution (based on Michener, 1944, 1965a, 1969a). 
Selected genera, including those mentioned in the present 
book, are also listed. The terms designating the degrees of 
sociality are defined in Chapter 2. 
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Megachile, Osmia) 


quasisocial (?) 


Degrees of 
Division sociality Distribution 
Family Colletidae Solitary World-wide 
(Colletes, Hylaeus) 
Family Halictidae 
Subfamily Nomiinae Solitary, World-wide 
(Nomia) communal, 
quasisocial 
Subfamily Halictinae 
Tribe Augochlorini Solitary, New World 
(Augochlora, communal, 
Augochlorella, semisocial, 
Augochloropsis, eusocial 
Neocorynura, 
Pseudaugochloropsis) 
Tribe Halictini Solitary, World-wide 
(Dialictus, Evylaeus, communal, 
Halictus, eusocial 
Lasioglossum, 
Pseudagapostemon, 
Ruizantheda, 
Sphecodogastra, 
Sphecodes) 
Subfamily Dufoureinae Solitary Asia, Africa, 
(Dufourea) Europe, 
North America 
Family Andrenidae 
Subfamily Andreninae Solitary, World-wide, except 
(Andrena) communal (?) Australia 
Subfamily Panurginae Solitary, Africa, Eurasia, 
(Panurginus, Perdita) communal New World 
Family Oxaeidae Solitary New World 
(Oxaea) 
Family Melittidae Solitary World-wide 
(Hesperaspis, 
Melitta) 
Family Fideliidae Solitary (?) Africa, Chile 
(Fidelia) 
Family Megachilidae 
Subfamily Lithurginae Solitary World-wide 
(Lithurge) 
Subfamily Megachilinae 
Tribe Megachilini Solitary, World-wide 
(Chalicodoma, communal, 


Degrees of 
Division sociality Distribution 
Family Megachilidae (continued) 

Tribe Anthidiini Solitary, World-wide 
(Anthidium, communal 
Dianthidium, 

Heteranthidium) 
Family Anthophoridae 

Subfamily Nomadinae Solitary World-wide 
(Nomada) (parasitic) 

Subfamily Solitary, Africa, Eurasia, 
Exomalopsinae communal, New World 
(Exomalopsis) quasisocial (?) 

Subfamily Anthophorinae 

Tribe Anthophorini Solitary World-wide 
(Amegilla, 

Anthophora) 

Tribe Eucerini Solitary, World-wide, except 
(Eucera, Melissodes, communal Australia 
Svastra) 

Tribes Melitomini, Solitary World-wide 
Centridini, Melectini, (Some are _ 

Ericrocini, etc. parasitic) 

Subfamily Xylocopinae 

Tribe Xylocopini Solitary World-wide 
(Xylocopa) 

Tribe Ceratinini Solitary, World-wide 
(Allodape, subsocial, 

Allodapula, eusocial, 
Allodapulodes, socially 
Braunsapis, parasitic 
Ceratina, 
Eucondylops, 
Exoneura, 
Exoneurella, 
Exoneurida, 
Exoneurula, 
Halterapis, 
Inquilina, 
Macrogalea, 
Nasutapis) 
Family Apidae 

Subfamily Euglossinae Solitary, New World 
(Euglossa, Eulaema, communal (?), tropics 
Euplusia) quasisocial 

Subfamily Bombinae Eusocial Nearly 
(Bombus, Psithyrus) world-wide; 

introduced 

Subfamily Apinae into Australia 

Tribe Meliponini Eusocial Nearly 
(Dactylurina, world-wide; 
Lestrimelitta, tropical and 
Melipona, southern 
Meliponula, subtropical 
Trigona) zones 

Tribe Apini Eusocial Africa, Eurasia; 
(Apis) introduced into 


rest of world 


Chapter 5 


1944 generic revision of the bees of the world still remains 
the key work of its kind, and it has been supplemented 
by an analysis of larval characters and reassessments of 
some generic and familial limits (Michener, 1953a, 1964a). 
Regional studies of entire bee faunas include those of 
Friese (1923) on Europe, Friese (1909) and Arnold 
(1947) on Africa, Bingham (1897) on India, Michener 
(1965a) on Australia and the South Pacific, Mitchell (1960) 
on the eastern United States, and Michener (1954) on 
Panama. A list of the North America fauna prepared by 
Michener, Krombein, and others and complete to 1963 
is included in the catalogs of Hymenoptera by Muesebeck 
et al. (1951) and Krombein er al. (1958, 1967). Among 
studies of the social taxa are Schwarz’ monograph (1948) 
on the Meliponini of the New World, Moure’s generic 
revision of the Old World Meliponini (1961) and checklist 
of the world Euglossinae (1967), Milliron’s (1961) generic 
reclassification of the Bombinae, Michener’s (1969c) re- 
view of the African allodapine genera, and species-level 
revisions of the British Bombus by O. W. Richards (1927a), 
the Japanese Bombus by Sakagami and Ishikawa (1969), 
the New World Bombinae by Franklin (1912-1913), the 
Indomalayan Halictus by Blüthgen (1926, 1931), the 
Japanese Nomiinae by Hirashima (1961), and the honey- 
bees (Apini) by Maa (1953) and Dupraw (1965). 

A high level of sophistication has been attained in the 
techniques of culturing bees and observing their behavior 
inside the nests. Observation hives for honeybees, accom- 
panied by live colonies and sets of instruction for their 
care, can be purchased from commercial companies. Spe- 
cial techniques for analysis of bee behavior are given in 
various recent books, most notably that of von Frisch 
(1967a). The culturing and study of bumblebees, an old 
and well-developed art, has been reviewed in detail by 
Sladen (1912), Plath (1934), Free and Butler (1959), 
Pouvreau (1965), and Plowright and Jay (1966). The 
principal trick in studying the social behavior of bumble- 
bees is to induce overwintered females to start their nests 
in specially constructed observation boxes placed in the 
field. Sakagami (1966) has described an observation nest 
which has been used with conspicuous success in the study 
of stingless bees. Even the halictine bees have been cul- 
tured in vertical, glass-walled nests by Batra (1964), a 
method that permitted the first close studies of behavioral 
interactions among colony members. Assorted techniques 
for the study of social halictines in the field have been 
reviewed by Michener et al. (1955). 
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Let us now examine in some detail current knowledge 
of the biology of each of the five major groups of social 
bees: the social Halictinae, the social Ceratini, the Bom- 
binae, the Meliponini, and the Apini. Then we will be in 
a position to consider the very interesting, albeit tangled, 
reconstructions of the origin of sociality in bees as a whole. 


The Natural History of the Eusocial Sweat 
Bees in the Subfamily Halictinae 


The little sweat bees belonging to Halictus and the 
closely related genera Dialictus, Evylaeus, Lasioglossum, 
and Sphecodogastra are notable for containing both soli- 
tary species and species in the earliest evolutionary stages 
of eusociality. Recent authors have differed considerably 
in their interpretations of generic limits within this com- 
plex. What was originally Halictus has been divided into 
two, three, or more genera by some. Dialictus is either 
placed by itself or made a subgenus of Lasioglossum, 
which itself was formerly recognized as no more than a 
subgenus of Halictus. Rather arbitrarily, and in hopes of 
avoiding nomenclatural confusion, I am following the 
usage of the “splitters,” in particular Mitchell (1960) and 
Knerer and Atwood (1964). The expression “sweat bee,” 
incidentally, is loosely applied to any small bee of this 
general appearance, solitary or social, in a number of 
families including the Halictidae, Andrenidae, and Col- 
letidae. The entire group is taxonomically difficult because 
of the many sets of sibling species whose members are 
not only morphologically almost identical to each other 
but also frequently visit the same flowers and share com- 
mon nesting areas. In many cases the species are most 
easily separated by physiological and behavioral charac- 
teristics, including the time of appearance, the shape and 
size of the nest, and the number of annual generations. 
Knerer and Atwood (1966b) recently distinguished two 
sibling species of Evylaeus for the first time on the basis 
of differences in nest structure. In France alone there are 
nearly 150 species in the Halictus group of genera, and 
in North America, north of Mexico, over 250. The major- 
ity are solitary. Those that have attained eusociality are 
still only at a relatively primitive level in this behavioral 
category. Their colonies contain, depending on the species, 
from two or three to several hundred individuals which 
occupy a single burrow in the soil. In most of the eusocial 
species the queens and workers can be distinguished from 
each other only by more physiological traits, such as 
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ovarian development, and by behavior. In a minority of 
species there is also a marked morphological difference 
(see Chapter 9). Most of the species nest in the soil, a 
primitive characteristic for bees generally and an apparent 
holdover from similar behavior in the sphecoid ancestors. 
A few species nest in rotting wood. 

It is a peculiar fact of social life in the Halictinae that 
little if any positive correlation exists among species be- 
tween the complexity of nest structure and the degree of 
sociality (Sakagami and Michener, 1962). Knerer and 
Atwood (1966b) have even suggested a negative correla- 
tion may exist. For example, Halictus ligatus and Evylaeus 
cinctipes display a relatively advanced degree of eusocial- 
ity but a notably simple nest structure, whereas the reverse 
is the case in Augochlorella striata. 

Knerer and Cécile Plateaux-Quénu (1966a-c, 1967a,b) 
have documented the following multiple changes by which 
advances in eusociality within the Halictinae can be con- 
veniently measured. 

l. There is an increased tendency for the workers to 
keep the brood cells open, to inspect them, and perhaps 
even to add nectar and pollen (see Figure 5-3). Knerer 
and Plateaux-Quénu (1966a) and Suzanne Batra (1964) 
have independently concluded that such direct contact 
between adults and young is widespread in the eusocial 
Halictinae and that its intensity is variable and can be 
taken as a convenient measure of the degree of eusociality. 

2. Variation in ovarian development increases among 
the females that found individual colonies (Figure 5-4). 
In the more advanced eusocial species, consequently, some 
of the females of the same generation, if they cooperate 
in founding colonies, tend to assume the role of workers 
from the outset, while others assume the role of queens. 
In other words, during early colony development the 
females are organized in a semisocial state. As the first 
generation of workers appears, the colony becomes eu- 
social. 

3. There is an increase in size difference between the 
queens and the workers. (See Figure 5-5). 

4. There is an increased tendency toward the produc- 
tion of two or three annual broods instead of only one 
and a concomitant reduction in the proportion of males 
produced. Furthermore, the males tend to be produced 
with the later broods. There is some question as to how 
generally this criterion can be applied. At the present time 
the separation of broods is known only in Evylaeus, and, 
as a consequence, at least one student of the subject 
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(Michener, personal communication) has expressed 
doubts that the separation of broods is a good measure 
of social progress. 

These four criteria are for the most part both convenient 
and intuitively satisfying. Even better, they are correlated. 
Another colony characteristic that appears to be correlated 
with them is colony size. Still another that may or may 
not be related in an interesting fashion is the presence 
or absence of colony odor. Michener (1966b) found that 
when workers of Dialictus versatus, a eusocial species 
whose colonies nest in small, dense aggregations, occa- 
sionally become disoriented during flight and enter the 
wrong nest, they are amicably received. Thus D. versatus 
appears to depend on visual recognition of the nest site 
or some other external cue rather than colony odor to 
segregate its colonies. Information on colony odor in other 
species is lacking, so it still remains to be seen whether 
this characteristic occurs within the socially more ad- 
vanced Halictinae. 

The history of studies in halictine sociology is surpris- 
ingly recent. The existence of eusociality was not even 
recognized until the appearance of Stöckhert’s classical 
work (1923) on five species, placed at that time in the old 
genus Halictus. The early history of this and other studies 
of the behavior of the Halictinae was thoroughly reviewed 
by Wheeler (1928). His statement that “there may be 
many surprises in store for us when the life-histories of 
these seemingly monotonous and uninteresting bees have 
been subjected to more careful scrutiny and experi- 
mentation on other continents, especially in South Amer- 
ica and Australia,” has proven prophetic. In the past ten 
years the difficult task of working out life cycles of the 
multitudinous, look-alike species, typified by what- 
Michener once described as “the painstaking work of 
making observations and digging deep nests in the hot 
summer sun,” has been achieved with distinction. Due to 
the efforts of Batra, Knerer, Michener, Plateaux-Quénu, 
Sakagami, and their associates, there now exists a small 
but informative body of life history monographs on a 
diversity of halictine species. 

As a paradigm of a primitively eusocial halictine I have 
chosen Dialictus zephyrus (= Lasioglossum zephyrum), 
which was thoroughly studied in Kansas by Batra (1964, 
1966a). This small greenish-black bee is widely distributed 
in North America. It flies from early spring to late No- 
vember, collecting nectar and pollen from no less than 
30 families of flowering plants—a catholicity of diet 
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FIGURE 5-3. Queen of the eusocial halictine Evylaeus cinctipes inspecting her nest. The pupae are workers. Notice the open 
brood cells, which have been cleaned of feces and molted skins. This closer contact between adults and brood is associated with a 
higher degree of eusociality in the Halictinae (from Knerer and Plateaux-Quénu, 1966a). 
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FIGURE 5-4. Variation among halictine species in the 
amount of ovary polymorphism in groups of females that 
cooperate in nest founding. A greater amount of polymorphism 
is considered an advanced social trait. Each quadrant displays 
the following characteristics for a single colony of cooperating 
females belonging to a given species: a square represents the 
position of an individual with reference to the two axes, which 
give the width of its abdomen and length of its wing; and the 
drawing shows the relative size and appearance of its ovary. 
In the Evylaeus bimaculatus colony, the six founding fe- 

males had similar ovaries, and all took part in provisioning 
the nest. In the other colonies, belonging to “more advanced” 
species of Evylaeus and Halictus, the largest female was the 
principal egg layer, and the others took care of the nest pro- 
visioning (modified from Knerer and Plateaux-Quénu, 1966c). 


shared with many other social bees. The life cycle com- 
mences in the early spring, when the relatively unworn 
but inseminated females emerge from hibernation in 
chambers of the old nest where they were born the previ- 
ous year. These individuals will be the solitary foundresses 
of new colonies. At first their behavior is identical to that 
of females belonging to nonsocial species. Some of the 
females remain in the old nest, but most begin to excavate 
new nests in the open banks of streams facing south or 
on bare horizontal ground. The female forages for food, 
but after three or four cells are provisioned and sealed, 
she ceases activity and waits. By late May the first new 
generation of daughters and sons emerges. Soon the young 
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females enlarge the nest by excavating new galleries and 
chambers and begin to forage for food and to provision 
cells. One pollen ball is placed in each cell, and the 
foundress bee lays an egg on it. 

At this juncture the colony is evidently in a primitively 
eusocial state. But a series of events soon alters the situa- 
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FIGURE 5-5. Variation in the females of six halictine species 
in two size parameters. The degree of difference between the 
queens (right polygon) and workers (left polygon) is an intui- 
tively satisfying measure of the degree of eusociality in these 
bees. Evylaeus malachurus produces two sequential worker 
broods in a year; the first brood (smaller polygon on left) is 
smaller than the second brood (larger polygon on left), while 
the queens (right polygon) are distinct from both. The parasitic 
species Sphecodes monilicornis displays a female polymorphism 
that has nothing to do with sociality. The small individuals are 
eclosed in spring nests of Evylaeus malachurus and the large 
ones from summer nests of the same host species (modified 
from Knerer and Plateaux-Quénu, 1966b). 
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tion. Some of the new females mate and begin to lay eggs. 
Within a short time, evidently by the middle of June, the 
foundress dies and is replaced in her egg-laying role by 
her fecundated daughters. The colony now consists of an 
uneasy oligarchy among sisters. The egg layers compete 
for the available pollen balls, often ovipositing before the 
ball has been finished by the workers. Batra even observed 
cannibalism of eggs by competing unfertilized workers in 
a queenless nest. 


FIGURE 5-6. A nest of Dialictus zephyrus, a primitively 
eusocial halictine bee, dug open in Kansas on July 17. In the 
chambers of this “mature” summer nest are to be found pollen 
balls (B); eggs (E); small (S), medium (M), and large 

(L) larvae; and female pupae (2). Empty chambers are desig- 
nated as N. The exit tunnel ascends vertically through the soil 
and opens through a single hole in the bare, flat ground (from 
Batra, 1966a). 
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By midsummer the nest has reached respectable pro- 
portions (Figure 5-6). The largest one excavated by Batra 
reached a depth of 57 cm and contained no less than 38 
branch burrows, 85 occupied cells, and 45 adult females. 
By the criteria of Knerer and Plateaux-Quénu, D. zephyrus 
is nevertheless a primitively eusocial species. The morpho- 
logical difference between egg layers and workers is very 
slight, and intermediates are common. Intergradation also 
occurs in the degree of ovarian development. Male pro- 
duction is programmed in the primitive manner, begin- 
ning with the first brood and only gradually increasing 
over the summer. Soon after eclosion, the males leave the 
nest and swarm into the air over the nesting areas, where 
they pursue and mate with females who emerge individ- 
ually from the nests. The colony cycle is purely annual. 
In late fall, only the younger inseminated females enter 
hibernation, and the life cycle reenters its solitary phase. 

Behavior within the D. zephyrus nest is marked by a 
lack of contact among the adults other than the inevitable 
jostling that occurs in the passageways. There is no sign 
of either alarm communication or recruitment to new food 
sources. Grooming between bees is evidently absent. As 
Michener (1964a) believes to be the case in halictine bees 
generally, communication within D: zephyrus is chiefly by 
means of the signs of work accomplished: a cell con- 
structed by one bee induces another to construct a pollen 
ball, which in turn induces still another to deposit an egg, 
and so forth. On the other hand, the females do commu- 
nicate with the larvae to a limited extent. They periodi- 
cally open the cells to inspect and clean the interior, and, 
in the process, they probably touch and antennate the 
larvae. 

In its annual life cycle, tenuous social organization, and 
moderate colony size, Dialictus zephyrus typifies the eu- 
social halictines found in the North Temperate Zone. A 
significant departure from this relatively primitive pattern 
is shown by Evylaeus marginatus. This species, studied in 
France by Plateaux-Quénu (1962), is perennial. The col- 
ony is founded by a single queen, which persists until the 
natural demise of the colony five or six years later. For 
the first four years colony growth is slow but still ex- 
ponential in form. By the end of the fourth summer the 
nest contains the foundress queen plus 50 to 130 workers. 
Then, in the fifth and what is normally the final year, the 
adult population increases to between 200 and 400. Many 
of these individuals are males. They soon leave the nest, 
engage in solitary nuptial flights, and die. The young 
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females remain together in the old nest until the next 
spring, when they disperse to start new colonies on their 
own. The longevity of the queen of E. marginatus, the 
perennial character of the nests, the larger size of the 
mature colonies, and the periodic release of males are all 
regarded as evolutionarily advanced traits. On the other 
hand, there are no external morphological differences 
between queens and workers. These castes are distin- 
guishable only by their ovarian development and behav- 
ior, a Situation that Plateaux-Quénu refers to as “imaginal 
caste determination.” Furthermore, the degree of com- 
munication between workers and between workers and 
brood appears to be no more advanced than in other 
halictine species, including Dialictus zephyrus. Even so, the 
total social structure of Evylaeus marginatus is clearly the 
most advanced of all the halictines studied to date. 


The Natural History of the Eusocial 
Allodapine Bees 


The bees belonging to Allodape and closely related 
genera (Allodapula, Allodapulodes, Braunsapis, Eucon- 
dylops, Exoneura, Exoneurella, Exoneurida, Exoneurula, 
Halterapis, Inquilina, Macrogalea, Nasutapis) are referred 
to informally as “allodapine bees” to distinguish them 
from members of the genus Ceratina, the only other major 
living representatives of the tribe Ceratinini. The allo- 
dapines are of special interest to students of insect sociol- 
ogy on two counts. First, in contrast to the larvae of other 
kinds of bees, those of most allodapines are kept together 
in open chambers and fed progressively with small meals 
(Figure 5-7). Second, as a concomitant of this peculiar 
habit, allodapine species display among themselves the 
evolutionary transition from solitary to eusocial behavior 
by way of subsocial stages. These facts were discovered 
by Brauns (1926) in his work on the South African Allo- 
dape and have been greatly extended in recent years by 
field studies in Asia, Australia, and Africa conducted by 
Iwata, Michener, Rayment, Sakagami, and Skaife. 

Allodape angulata is a good example of a eusocial allo- 
dapine (Skaife, 1953). It is one of the common species on 
the Cape Peninsula of South Africa and is easily recog- 
nized as a moderate-sized, black bee with yellow markings 
on its head (Figure 5-8). The colonies nest in dead flower 
stalks of Watsonia, Gladiolus, Aristea, Aloe and a variety 
of other kinds of plants whose stems have pithy centers. 
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In making the nests the bees simply bite out and remove 
the pith to a depth of from three to six inches. 

The colony life cycle begins when the adults of the new 
generation emerge in the middle of summer, a period 
extending from the end of December to early February. 
They remain together in a largely quiescent state through 
the remainder of the summer and the following fall, then 
disperse to new nest sites. Breeding takes place shortly 
afterward, in July and August. Now the solitary, mated 
females begin new colonies. In the typical sequence the 
female digs a short cavity in the pith of a stem and lays 
a large (3 mm long), white, and slightly curved egg at the 
bottom. A few days later a second egg is laid and so on 
at regular intervals until six eggs (on the average) have 
accumulated. Occasionally, during periods of the cold, wet 
weather that afflicts the Cape region in August, eggs are 
eaten and replaced with new ones. 

During the four to six weeks required for the eggs to 
hatch, the mother remains on guard at the nest entrance, 
and she extrudes the hind portion of her abdomen out- 
ward whenever she is disturbed. Skaife reports that such 
females are quite aggressive and that their stings are 
“quite painful, more so than that of the much larger 
carpenter bees, but not so bad as that of the honeybee.” 
While the young are developing, the female arranges them 
in order of size, with the pupae nearest the entrance, 
followed by the large larvae and so on down to the eggs, 
which are always grouped at the bottom of the tube, much 
as shown in Figure 5-7. 

The larvae lie on their sides and are spaced at irregular 
intervals along the pith cavity. The manner in which they 
are directly fed is unique to the allodapines. 


The newly hatched young are fed by the mother on a colourless 
liquid food that she regurgitates on to the abdominal surface 
of the larva, where it clings as a clear drop just below its mouth. 
Thus the larva has only to bend its head slightly to reach the 
food and suck it up. After the larvae are a few days old she 
feeds them on a mixture of nectar and pollen. Returning to the 
nest with her hind legs laden with pollen and her crop full of 
nectar, she first of all scrapes off the pollen into a small heap 
on the floor of the tube. Then, standing over this heap, she 
regurgitates a drop of nectar and mixes it with the pollen to 
form a stiff paste, using her mandibles for the purpose. Picking 
up the sticky mass between the base of her tongue and the base 
of her mandibles, she walks along the tube to the larva that 
has to be fed and thrusts it between the pseudopodia. The larva 
grasps the food between its pseudopodia and at once begins 
to feed. The younger larvae, fed on liquid food, do not have 
these pseudopodia—they only develop when the larva is about 
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one third grown. The mother does not attempt to store any food 
in the nest; she brings it from day to day as it is required, and 
during spells of inclement weather the larvae have to go hungry. 
I find that they can starve for four or five weeks without coming 
to any harm (Skaife, 1953). 


After seven or eight weeks, with the coming of early 
summer in November, the first A. angulata larvae pupate. 
There is no cocoon, and the pupae lie loose in the pith 
cavity. By the middle of December all of the first brood 
have pupated, and in January they emerge as adults. Just 
about this time the mother Allodape, now a year old, may 


84 The Social Bees 


lay three or four more eggs. Then, after a few more days 
or weeks have elapsed, she dies. The second brood, tended 
by their sisters, emerges as adults in late summer or early 
autumn. During this final episode the males of the first 
brood occasionally leave the nest to get food for them- 
selves, but they never take part in rearing the later brood. 

Most other Allodape and Exoneura examined thus far 
exhibit life cycles similar to that of A. angulata (Sakagami, 
1960; Michener, 1965b). Among the remaining allo- 
dapines, Exoneurella and an unidentified South African 
species of Allodape studied by Brauns are solitary, while 


FIGURE 5-7. A populous nest of the Formosan bee Braunsapis sauteriella in a hollow stem, showing the free arrangement of the 
brood in a common chamber and evidences of progressive feeding that characterize the social allodapines. The eggs, whose huge size 
are a characteristic of this species and some other allodapines, have been placed in a cluster at the bottom of the nest, while the mother 
queen rests nearby. Pollen is stored briefly in small deposits on the nest wall. The larvae are fed at frequent intervals with little pollen 
balls (drawing by Sarah Landry; based on Iwata, in Sakagami, 1960). The shrub shown was arbitrarily selected to be Lantana 

camara, a common introduced species in Formosa which the bee is very likely to utilize. 
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FIGURE 5-8. Allodape angulata, a eusocial species from 
South Africa: (1a) female; (1b) male; (1c) left hind trochanter 
of the male, a structure useful in species identification; (2a) 
egg; (2b) young larva; (2c) full-grown larva grasping a pollen 
ball with its fleshy “arms”; (2d) larva in prepupa stage; (2e) 
pupa of male (from Skaife, 1953). 


Eucondylops, Inquilina, and some Braunsapis are social 
parasites on other allodapines (Michener, 1964b, 1970). 
These statements must remain tentative, however, because 
the life cycles of most of the allodapines are still unknown. 
The following interesting general observation concerning 
allodapine evolution can nevertheless be made. In spite 
of their radical innovations in brood care, which are evi- 
dently adaptations to life in hollow stems, the allodapines 
have progressed only a short distance into eusociality. The 
most complex societies known in the group, those of 
Allodape and Exoneura, are in fact barely eusocial. They 
have reached just about the level of most of the primitively 
eusocial halictine bees, as exemplified by Dialictus zephy- 
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rus. When we consider further that workers of one of the 
most advanced eusocial bee groups, the Meliponini, seal 
the brood cells and have no contact with the brood, it is 
even more apparent that a high degree of worker-larva 
contact is not a vital factor in social evolution. 


The Natural History of the Bumblebees 


(Genus Bombus) 


The large, hairy bees of the genus Bombus are notable 
as social insects primarily adapted to colder climates. 
About 200 species are known, mostly restricted to the 
temperate zones of North America and Eurasia. Many of 
these occur only in the northern parts of the continents, 
and several are found near the Arctic Circle and on the 
treeless summits of high mountains. Two occur as far 
north as Ellesmere Island. A few species reach in the other 
direction as far as Indonesia and Tierra del Fuego in 
South America, and a single species (B. atratus) is even 
common in the Amazon rain forests, where it retains the 
basic bumblebee life cycle. All of the species of Bombus 
so far studied are eusocial. 

The genus, as such, is not recognizable in Tertiary fossil 
deposits, but related genera, including the possible ances- 
tral Protobombus, together with Chalcobombus, Electrapis, 
and Sophrobombus, are represented in the Baltic amber. 
In view of this greater diversity among the fossil forms, 
Wheeler (1928) suggested that Bombus and its parasitic 
genus Psithyrus, are relics of an adaptive radiation of the 
Bombinae that took place in the Tertiary. 

Because of their primarily temperate distribution and 
economic importance as crop pollinators, the species of 
Bombus have received close attention from entomologists 
for many years. F. W. L. Sladen’s classic treatise The 
Humble-bee (1912), long out of print and almost un- 
obtainable, has fortunately been replaced by a more re- 
cent and very readable review book Bumblebees by Free 
and Butler (1959). The following capsular account of the 
Bombus life cycle is based largely on their much more 
thorough synthesis and applies principally to the 25 spe- 
cies found in England. 

In England as elsewhere in the North Temperate Zone, 
the life cycle of Bombus is annual. Only the fertilized 
queens hibernate. The history of a colony typically unfolds 
as follows. In early spring the solitary queen leaves her 
hibernaculum and searches on wing until she finds an 
abandoned nest of a field mouse, vole, or shrew, or some 
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FIGURE 5-9. A colony of the European bumblebee Bombus lapidarius. The nest is in an abandoned mouse nest. The large queen 
sits atop a cluster of cocoons inside which are worker pupae (one pupa has been exposed to show its position). At the upper and lower 
left are three communal larval cells; the waxen envelopes of the bottom two have been torn open to reveal the larvae inside. Large 
honeypots occupy the left and center of the ensemble. At the lower right are clusters of abandoned cocoons which are now used to 
store pollen (original drawing by Sarah Landry; based on photographs by Sladen and by Free and Butler). 


other similarly shaped cavity, in an open but relatively 
undisturbed habitat such as a fallow field or abandoned 
garden. She pushes her way into the nest and then modi- 
fies it for her own use by constructing an entrance tunnel 
and lining the inner cavity with fine material teased out 
of the nest walls. While in the nest the queen begins to 
secrete wax in the form of thin plates from intersegmental 
glands on the abdomen. From this material she fashions 
the first egg cell in the form of a shallow cup set onto 


the floor of the nest cavity. Next she places a pollen ball 
into the egg cell and then lays 8-14 eggs onto the surface 
of the ball. Finally, she constructs a dome-shaped roof of 
wax and other materials over the cell, so that the entire 
brood cell is now sealed and spherical in shape. About 
the time the first eggs are laid, the queen also constructs 
a wax honeypot just inside the entrance of the nest cavity 
and begins to fill it with some of the nectar gathered in 
the field. When the first workers emerge, they assist the 
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queen in expanding the nest and caring for additional 
brood, as shown in Figure 5-10. 

Depending on the species of Bombus involved, the 
larvae are fed by one or the other of two very different 
techniques, which were first recognized by Sladen in 1896. 
In one group of species, the “pollen-storers,” the pollen 
is placed in abandoned cocoons, which may be extended 
with wax layers until they form cylinders as high as three 
inches. From time to time pollen is removed from this 
modified cocoon and fed into the brood cell in the form 
of a viscous liquid mixture of pollen and honey. The 
queen and workers of the pollen-storer species do not feed 
the larvae directly. Instead, they make a small breach in 
the larval cell and regurgitate the pollen-honey mixture 
next to the larvae. In the second group of species, the 
“pouch-makers” or “pocket-makers,” the queens and 
workers build special wax pouches adjacent to groups of 
larvae and fill them with pollen. The larvae then feed as 
a group directly from the pollen mass. Occasionally, the 
pouch-makers also feed larvae by regurgitation, and 
groups of larvae destined to become queens are fed ex- 
clusively in this manner. The social significance of the 
difference between the techniques may be that pollen 
storing and regurgitation permits the bees to exercise 
day-by-day control over the growth of the larvae, whereas 
pouch-making makes such control difficult. The life cycle 
illustrated in Figure 5-10 is that of a typical pollen-storer. 

By the end of the summer the colony contains, again 
according to species, from around 100 to around 400 
workers. The largest colony ever recorded anywhere be- 
longed to Bombus medius and was found by Michener and 
LaBerge (1954) in a tropical forest in Mexico. This exam- 
ple contained at least 2,183 workers and possibly had been 
favored by a growth season longer than that available in 
temperate zones. As fall approaches the annual colonies 
of England produce males and queens and begin to break 
up. The demise of the bumblebee colonies seems to be 
controlled by endogenous factors. In northern New Zea- 
land, introduced species of Bombus fly at all times of the 
year, and solitary queens can start nests during at least 
- nine months of the year (Cumber, 1954). Colonies some- 
times overwinter and attain unusual size. In spite of this 
opportunity for perennial growth, however, the New Zea- 
land colonies never return to the production of workers 
after they have reared queens. 

Mating behavior varies greatly among the species of 
Bombus. In some, the males hover around the nest en- 
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trances and wait for the young queens to emerge. In 
others, the male selects a prominent object, such as a 
flower or fence post, and alternately stands on it and 
hovers over it, ready to dart at any passing object that 
resembles a queen in flight. In a third group of species, 


FIGURE 5-10. The growth of a typical bumblebee colony is 
illustrated in this series of drawings (based on Sladen, by Free 
and Butler, 1959). (a) A cavity is constructed by a single queen 
in an abandoned rodent nest. The first honeypot is built near 
the nest entrance and the first brood cell in the center of the 
nest floor. (b) The larvae are shown within the wax brood cell, 
sitting on a bed of pollen. (c) The larvae have spun their co- 
coons and transformed into pupae in the inside cocoons and into 
prepupae in the outside cocoons. A second batch of eggs has 
been laid on top of the right-hand cocoon. (d) Adult bees have 
emerged from the central cocoons of the first brood batch. The 
vacated cocoons are now used for storing honey and pollen. 
(e) The comb grows upward and outward as new batches of 
brood are produced. 
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studied by Frank (1941) and Haas (1946, 1952), the males 
establish flight paths which they mark at intervals with 
spots of scent from the mandibular gland dabbed onto 
objects along the route. The paths shift from day to day 
and those of different males frequently overlap. The males 
fly around them hour after hour, day after day, waiting 
for the approach of the females. After mating, the queens 
hibernate in specially excavated chambers in the soil, and 
the following spring they initiate new colonies. 

Queens differ from workers only by their larger size and 
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the greater extent of their ovarian development, and in- 
termediates between the two castes are common. There 
is also great variation in size within the worker caste. The 
larger workers tend to forage more, and the smaller 
workers spend more time in nest work. In a few species, 
the smallest workers do not fly and are thus bound to the 
nest permanently. Nest guarding occurs in some species 
and is usually undertaken by workers who possess better- 
developed ovaries. 

Within the Apidae, whose species comprise the haut 


TABLE 5-2. Primitive (or at least relatively simple) social traits in Bombus, compared with the more advanced traits 
found in the highest social bees, the honeybees of the genus Apis and the stingless bees of the tribe Meliponini. 


Bombus 


Queens and workers differ morphologically to a slight degree, and 
intermediates are common 


The life cycle is annual, at least among the majority of species; 
new colonies are founded by single queens; and the mature 
colony size is small 


The queen maintains reproductive dominance by aggressive be- 
havior, and the workers tend to behave toward each other in the 
same way (see Chapter 15). Workers occasionally steal eggs 
from each other and the queen 


The larvae are often reared in groups and must compete with 
other larvae for food placed indiscriminantly in their vicinity 


The larvae are fed with raw pollen and regurgitated mixtures of 
pollen and honey 
The adults rarely regurgitate food directly to other adults or try 


to groom them 


The queen regulates colony growth by building all of the egg cells 
herself and laying in them, following the same behavior pat- 
terns by which she initiates the colony 


Temporal division of labor is weakly developed 


Chemical alarm communication is lacking 


Recruitment among workers is lacking 


Apis and Meliponini 


Queens and workers are morphologically very different from each 
other, and intercastes are normally absent 


The life cycle is perennial; new colonies are started by swarming, 
and colony size is moderate to very large 


The queen maintains reproductive dominance by pheromones (see 
Chapter 15), at least in Apis, and aggressive behavior is muted 
or absent. Egg stealing is unknown except as a ritual form of 
eating by the meliponine queens 


The larvae are reared in separate cells on the brood comb, greatly 
increasing the chances for individual attention on the part of 
the nurses and control of caste determination 


In Apis, larvae are fed at least in part with special food manufac- 
tured by the mandibular and pharyngeal glands 


Both grooming and direct transfer of food by regurgitation are very 
frequent and, in the case of Apis at least, known to play an im- 
portant role in communication and regulation (see Chapter 14) 


The queen plays no direct role in colony growth or in the con- 
struction of the brood combs. The workers determine these 
matters and are subject to much more feedback from the envi- 
ronment outside the nest 


A temporal division of labor is strongly developed, in which the 
young adult worker first engages in brood care (or nest work), 
then nest work (or brood care), and finally in foraging. In Apis, 
at least, this progression is associated with orderly changes in 
the exocrine glands (see Chapter 9) 


Chemical alarm communication is well developed and involves 


pheromones apparently especially evolved for the purpose (see 
Chapter 12) 


Recruitment is well developed and mediated by special assem- 
bling or trail pheromones; in Apis there is also a symbolic 
“waggle dance” 


Chapter 5 


monde of the social bees, Bombus occupies a relatively 
lowly position. Its solutions to the problems of social 
organization are as a rule crude, and it has not achieved 
many of the more spectacular control mechanisms that 
distinguish Apis and the Meliponini from the social 
Halictidae. In Table 5-2 I have indicated the charac- 
teristics which, in my opinion, are more primitive, or at 
least simpler, in the context of the biology of the Apidae 
as a whole. 

Bombus does have a few specialized social traits mixed 
in with its otherwise elementary behavior. At least one 
species, B. agrorum, is able to maintain its nest tempera- 
ture at about 30°C (Himmer, 1933). Overheated nests are 
cooled by fanning. Also, the nest architecture contains one 
advanced feature already mentioned in passing. “The wax 
cells of Bombus,” as Michener (1964a) has said, “are a 
most extraordinary development. They are somewhat 
variable in size and shape, and therefore heteromorphic, 
but are unique among the bees in that in most species 
they contain a cluster of eggs or immature stages instead 
of only one, and in that they grow (i.e, wax is added to 
them) as their contents grow.” 


The Natural History of the Stingless Bees 
(Tribe Meliponini) 


The meliponines take their common name from the fact 
that their stings are vestigial and cannot be used in de- 
fense. The workers of most species are nevertheless very 
effective in defending their nests from human intruders. 
They swarm over the body, pinching the skin and pulling 
hair, occasionally locking their mandibles in catatonic 
spasms so that before the grip can be broken, their heads 
tear loose from the body. The Trigona flaveola group of 
species in tropical America also eject a burning liquid 
from their mandibles which in Brazil has earned them the 
name of cagafogos, meaning “fire defecators.” An en- 
counter with a colony in Guatemala was one of the worst 
experiences in the life of William Morton Wheeler. When 
_ he got too close to a nest of “these terrible bees,” they 
burned off large patches of skin from his face. Stingless 
bees are also very effective against other intruders. They 
are, for example, almost totally immune to the forays of 
army ants, which are the nemeses of social wasps and 
other ants. 

The meliponines are all eusocial. They form moderately 
large colonies, comprised of 500 to 4,000 adults in the case 


89 The Social Bees 


of Melipona, or 300 to 80,000 in the case of Trigona and 
related genera. The workers range in size among the 
various species from minute (body length about 2 mm) 
to somewhat larger than a honeybee. Some are slender 
in build, others burly; some are nearly hairless and shin- 
ing, others hairy as honeybees. There are strong morpho- 
logical and behavioral differences between the queen and 
worker castes, and intermediates are normally lacking. 

Stingless bees are encountered in the tropics and sub- 
tropics around the world. In 1964, according to Kerr and 
Vilma Maule, 183 species were known from the New World 
tropics, 32 from Africa, 42 from Asia, and 20 from Aus- 
tralia and New Guinea. The most primitive living group 
appears to be the Neotropical subgenus Frieseomelitta of 
Trigona, which has a simple nest structure resembling that 
of Bombus. Waxen tubes are constructed for pollen and 
simple pots for honey, and the brood cells are assembled 
singly in clusters rather than as units in combs. Frieseo- 
melitta has a haploid chromosome number of 9. Melipona 
also has 9, while the rest of the meliponines, including 
other subgenera of Trigona, have 18 or, rarely, 17. It is 
assumed that the higher chromosome numbers are a de- 
rived condition. The relatively primitive subgenus Trigona 
(Hypotrigona) is represented in the Baltic amber, which 
is of Oligocene age (Kelner-Pillault, 1969). More advanced 
representatives of Trigona have been found in the Mio- 
cene amber deposits of Burma, Sicily, and Chiapas 
(Mexico). The fossils all belong to living, eusocial genera 
or else are close to them, so that the time and place of 
the origin of the Meliponini is still a mystery. In the 
opinion of Kerr and Maule (1964), the much greater 
diversity of the group in South and Central America, 
together with the fact that it was widespread by Miocene 
times, indicates that the Meliponini originated in South 
America prior to the submergence of the Panamanian 
land bridge in early Eocene times. In defense of this 
argument, it should be noted that modern meliponines 
have great difficulty crossing water gaps. Colonization 
probably depends on the movement of entire colonies by 
“rafting” of the nest site on the surface of the water, which 
must be a rare event at best. It is unlikely that colonies 
travel far during the act of colony division, which is a 
prolonged and complicated process and does not ordinar- 
ily take place over distances exceeding several hundred 
meters. Consequently, modern meliponine species are 
almost strictly limited to continents and islands close to 
continents. They do not extend east of the Solomon Is- 
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lands, for example, and only one representative occurs in 
the West Indies —Melipona beechei of Cuba, a species that 
also occurs in Yucatan and may have been transported 
to Cuba by early man. 

Most of the basic information on the biology of the 
stingless bees has been reviewed by Wheeler (1923; this 
work contains a nearly complete bibliography of earlier 
authors); Schwarz (1948); Nogueira-Neto (1951, 1970); 
Bassindale (1955); Moure, Nogueira-Neto, and Kerr 
(1958); Michener (1961a); and Kerr and Maule (1964). 
There is, unfortunately, no single comprehensive treatise. 
A great deal of attention has been focused by melit- 
tologists on the structure of the meliponine nest, which 
is complex and unique, and on the variation in nest struc- 
ture, which lends itself well to evolutionary interpretation. 
In simplest terms, the basic meliponine nest consists of 
an inner grouping of brood cells, which may or may not 
be compacted into combs, and rather large, egg-shaped 
pots where honey and pollen are stored. The latter struc- 
tures are quite reminiscent of the pots and cells of the 
Bombus nests. Surrounding the brood cells there may be 
a soft sheath, or involucrum. A thick, hard outer layer 
called the batumen surrounds both the pots and the brood 
cells. Most meliponine species nest in the hollow trunks 
and branches of trees, although some live only in the 
deserted nests of ants or termites. A few show no particu- 
lar preference, accepting many kinds of hollow spaces; 
these species are often able to thrive in cities in the tropics. 
_The conformations of the nest entrances vary enormously 
from species to species. Some meliponines construct sim- 
ple holes, others dome-shaped or trumpet-shaped entrance 
platforms. Some of the species of Trigona cover the nest 
entrance with fresh, sticky propolis, which is an effective 
deterrent against ants. The nests are usually constructed 
of cerumen, which is a brown mixture of wax and propolis. 
Examples of nests that differ greatly in complexity of 
structure are illustrated in Figures 5-11 to 5-13. A still 
more precise conception of the nature of meliponine nests 
can be gained from the following glossary of special terms 
that have been assembled and defined by Michener 
(1961a). 

Batumen. A protective layer of propolis or hard ceru- 
men (sometimes vegetable matter, mud, or various mix- 
tures) enclosing the nest cavity. Most commonly it consists 
of batumen plates, sealing off portions of a natural cavity 
from the nest cavity, and lining batumen, which is a thin 
layer of propolis or brittle cerumen on the walls of the 
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nest cavity. Exposed and partly exposed nests are entirely 
or partly surrounded by exposed batumen. Laminate batu- 
men consists of several layers, with spaces between them 
in which bees can move about. Laminate batumen is 
usually exposed. (Batumen is a Brazilian word meaning 
“wall,” used by von Ihering and subsequent authors 
chiefly for the batumen plates.) 

Cells. Brood cells made of soft cerumen, in each of 
which a single young is reared. 

Cerumen. A brown mixture of wax and propolis used 
for construction. Newly made cerumen is soft, while old 
cerumen is often brittle. 


Brood cells 


Involucrum 


FIGURE 5-11. A nest of the stingless bee Melipona pseudo- 
centris constructed in a hollow tree trunk. In this species an 
involucrum surrounds the very regularly constructed brood 
combs. The storage pots contain either honey or pollen, but 
are not differentiated in external structure (drawing by João 
Maria F. de Camargo, in Kerr et al., 1967). 
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FIGURE 5-12. A nest of the stingless bee Trigona (Frieseo- 
melitta) flavicornis constructed in a hollow tree trunk. In this 
species the pattern of construction is in a sense the opposite of 
Melipona pseudocentris, illustrated in Figure 5-11. The storage 
pots are specialized for reception of either honey or pollen, 
but the brood cells are arranged in irregular clusters rather 
than in combs and are not enclosed in an involucrum (draw- 
ing by Joao Maria F. de Camargo, in Kerr et al., 1967). 


Cluster (of cells or cocoons). A group of brood cells or 
cocoons irregularly arranged, not in combs (see Figure 
5-12). 

Cocoon. Silk structure spun after defecation by the 
mature larva around the inner wall of its cell. The worker 
bees remove and reuse the cerumen of which the cell was 
constructed, leaving the cocoon largely exposed during the 
prepupal and pupal periods. 

Comb (of cells or cocoons). A layer of brood cells or 
cocoons crowded together in a regular arrangement (see 
Figure 5-11). 
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Entrance. The external opening of the nest for coming 
and going of the bees. It is often contained outside the 
nest cavity as an external entrance tube. It is also often 
contained inside the nest cavity, usually along the inner 
wall of the cavity, as an internal entrance tube. 

Involucrum. A sheath of soft cerumen surrounding the 
brood chamber. A laminate involucrum consists of several 
layers with spaces between them in which the bees can 
move about. 

Pillars. More or less vertical columns of cerumen (soft 
or brittle) within the nest. When more or less horizontal, 
such columns may be called “connectives.” There is no 
real distinction between pillars and connectives. 

Propolis. Resins and waxes collected by the bees in the 
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FIGURE 5-13. An underground nest of the stingless bee 
Trigona (Partamona) testacea (drawing by João Maria F. de 
Camargo, in Kerr et al., 1967). 
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field and brought to the nest for construction purposes, 
especially for sealing fissures in the nest wall. 

Storage pots. Containers made of soft cerumen for the 
storage of honey (honeypots) or pollen (pollen pots). 

Wax. White material secreted by the bees and mixed 
with other substances to make cerumen. Paulo Nogueira- 
Neto (in letter to Michener) states: “As far as I know, pure 
wax is never used by meliponines except sometimes in the 
outermost part of the entrance tube” (as in Trigona 
schrottkyi and others). 

The life cycles of only a very few meliponine species 
have been worked out in full. The colonies are perennial 
and reproduce by swarming. The cycle begins when 
worker scouts—perhaps prompted by crowded conditions 
in the old nest—begin to search for a new nest site. When 
a site is selected, the workers set about sealing any cracks 
that may exist around the cavity and preparing the nest 
entrance. The initial building material is transported from 
the old nest. As the workers begin to arrive in greater 
numbers, they construct the involucrum, the pillars, and 
the pots, and start on the first brood cells. Cerumen con- 
tinues to be lifted in quantity from the old nest. The 
workers carry this material in their corbiculae, or “pollen 
baskets,” made up of the long hairs lining the hind tibiae. 
Honey and pollen are also removed from the pots of the 
mother nest, transported in liquid suspension in the crops 
of the workers, and regurgitated by them into the pots 
of the new nest. Thus a strong, literally physical bond is 
.built between mother and daughter nests. 

With intensification of activity, males come in from both 
the parental nest and other nests in the vicinity and form 
small groups resting or flying around in front of the new 
nest. Meanwhile, a young virgin queen has been reared 
by the workers in the old nest, and for a while she lives 
side by side with the mother queen. What next occurs has 
been recorded vividly by Moure, Nogueira-Neto, and Kerr 
(1958): 


Until this time the young queen is protected in the parental nest 
by workers, at least in Plebeia emerina. In an experimental 
Nogueira-Neto nest, one of us (Moure) observed that the 
workers made two globular prisons about one cm. in diameter 
with two or three holes which permitted passage only to 
workers. At this time great agitation was noted in the nest. After 
three days much activity was noted at the entrance and finally 
a young queen flew, apparently followed by some workers. She 
was not observed to return during one hour of observation. At 
that time the nest was opened and found still in great agitation, 
and two young queens were found being killed by covering with 
wax. Some workers seemed to be trying to liberate or kill one 
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queen by pulling her antennae. According to Kerr the virgin 
queen flies to the new nest accompanied or not by a group of 
bees and she soon makes a mating flight. The mechanism of 
fecundation has been observed only in an established nest of 
Melipona quadrifasciata quadrifasciata (Kerr and Kraus, 1950). 
The nuptial flight was 4.5 minutes long. The queen was caught 
after returning and dissected; it was observed that the whole 
male genital armature and seminal vesicles were in the vagina. 
The fact that drones fly outside the new nests is an indication 
that mating normally occurs in the open, as would be expected 
to avoid constant inbreeding. 


Insofar as these observations are generally applicable, 
we can see two basic differences in the modes of colony 
reproduction between the meliponines and the much more 
familiar honeybee, Apis mellifera. In Apis the break is swift 
and clean; the swarm simply leaves the parental nest with 
the queen in tow, settles at a temporary bivouac, and starts 
looking for a new site. In the meliponines the queen is 
not transferred until the new nest has been fully prepared. 
In Apis it is the old queen who migrates. But in the 
meliponines the old queen has a heavy, swollen abdomen | 
and tattered wings and cannot possibly fly; consequently 
virgin queens make the flight. 

The social organization of the meliponines is quite 
impressively sophisticated. In fact, now that behavioral 
studies are being pressed in earnest, new social phe- 
nomena are being discovered at such a rate as to suggest 
that these insects are easily on an evolutionary plane with 
honeybees. We now know that the meliponines have a 
well-defined temporal division of labor, correlated at least 
in part with exocrine gland activity, and also rather ad- 
vanced systems of chemical alarm and recruitment com- 
munication, the latter reinforced by a modulated sound 
signal similar to that found in the waggle dance of Apis 
mellifera. Further details of these phenomena are fur- 
nished in Chapters 9 and 13. Recent research by Sakagami 
and his co-workers (Sakagami and Oniki, 1963; Beig and 
Sakagami, 1964; Sakagami, Montenegro, and Kerr, 1965; 
Sakagami and Zucchi, 1968) has revealed a remarkable 
form of interaction between the queen and workers of 
species of Trigona whereby the queen acquires her nour- 
ishment during the process of provisioning and capping 
of the brood cells. The whole stereotyped sequence, which 
is reminiscent of an obeisance rite in some Oriental court, 
is illustrated in Figure 5-14. This unique behavior pattern, 
together with the many other peculiarities in behavior and 
life cycle, indicate that the Meliponini evolved their social 
organization for the most part after the progenitors of the 
modern Meliponini and Apini had separated in evolution. 
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FIGURE 5-14. Cell provisioning and the egg-laying ritual in the stingless bee Melipona quad- 
rifasciata anthidioides. In this typical sequence a worker begins construction of a new brood 
cell on the edge of the comb (1). At this time the queen is seen tapping another worker on the 
vertex (possibly a dominance gesture), but for the moment she pays no attention to the con- 
struction work. Cell building continues quietly (2) until the walls are completed. Then other 
workers crowd in excitedly (3, 4). Soon the queen is attracted also (5). Within one to several 
minutes, a succession of workers begin to dip into the cell and to discharge larval food, filling 
the cell up within a few minutes (6, 7). Now a worker lays a small trophic egg (8). The queen 
bends into the cell and eats the egg and probably some of the larval food as well (9). Then she 
lays an egg of her own (10) and finally departs, while a few workers remain behind to seal the 
cell with a cap (11-13) (modified from Sakagami, Montenegro, and Kerr, 1965). 
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The Natural History of the Honeybee, 
Apis mellifera 


Wheeler (1923) explained the ancient fascination of the 
honeybee as follows: “Its sustained flight, its powerful 
sting, its intimacy with flowers and avoidance of all un- 
wholesome things, the attachment of the workers to the 
queen—regarded throughout antiquity as a king—its sin- 
gular swarming habits and its astonishing industry in 
collecting and storing honey and skill in making wax, two 
unique substances of great value to man, but of mysterious 
origin, made it a divine being, a prime favorite of the gods, 
that had somehow survived the golden age or had volun- 
tarily escaped from the garden of Eden with poor fallen 
man for the purpose of sweetening his bitter lot.” 

But the insect sociologist must inevitably look at the 

honeybee as just one more eusocial apoid, compare it 
objectively with the thousands of other eusocial insects, 
and ask, “Just how different is Apis mellifera?” In a word, 
it is moderately distinguished as a social insect. By the 
general intuitive criteria of social complexity—colony size, 
magnitude of queen-worker difference, altruistic behavior 
among colony members, periodicity of male production, 
complexity of chemical communication, thermoregulation 
of the nest interior and other evidences of homeostatic 
behavior—the honeybee is at about the level of the other 
highest eusocial insects, that is to say, the stingless bees, 
the ants, the higher polistine and vespine wasps, and the 
higher termites. In one feature alone, the waggle dance, 
the species comes close to standing truly apart from all 
other insects. The really remarkable aspect of the waggle 
dance is that it is a ritualized reenactment of the outward 
flight to food or new nest sites; it is performed within the 
nest and somehow understood by other workers in the 
colony, which are then, and this must be counted the 
remarkable part, able to translate it back into an actual, 
unrehearsed flight of their own. A similar ability to inter- 
pret modulated symbols is evidently shared by certain 
meliponine bees, which transmit sound signals correlated 
in duration and frequency with the distance of food finds. 
But other cases of symbolical communication have yet to 
be demonstrated in the social insects. The waggle dance 
will be discussed in greater detail in Chapter 13. 

Apis mellifera has been the subject of scientific observa- 
tions since ancient times. Aristotle is credited with dis- 
covering the principle that individual bees usually stick 
to one kind of flower during any one foraging trip. He 
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also found evidences of communication of the location of 
food, but achieved no understanding of the mechanism 
involved. Pliny used an observation hive with windows 
of transparent horn to watch the emergence of bees from 
the brood cells. In the ancient world whole libraries were 
devoted to the art of beekeeping. In the past hundred 
years tens of thousands of technical articles on the honey- 
bee have been published, most of them on apiculture, and 
an uncounted number of journals have been devoted to 
the subject. The following list includes the principal mod- 
ern journals, as well as some of the more obscure ones, 
but it constitutes only a small fraction of the actual num- 
ber: L’Abeille, American Bee Journal, Apiculteur, Apicul- 
tural Abstracts, Archiv fiir Bienenkunde, Bee World, Bee- 
keeper’s Gazette, Beekeeper’s Record, Bee-keepers’ Review, 
Bienenvater, Erlanger Jahrbuch fiir Bienenkunde, Gleanings 
in Bee Culture, Indian Bee Journal, Journal of Apicultural 
Research, Reports of the Bee Research Association, 
Schweizerische Bienen-zeitung, Zeitschrift für Bienenzucht, 
and the Proceedings of the International Beekeeping 
Congresses. Much of the best contemporary basic research 
on the biology of the honeybee is reported in the following 
more general periodicals: Insectes Sociaux, Journal of 
Economic Entomology, and Zeitschrift fiir Vergleichende 
Physiologie. The latter is especially notable since it has 
been the principal organ utilized by von Frisch and his 
students. There are also scores of books, the most impor- 
tant of which are Ribbands’ The Behaviour and Social Life 
of Honeybees (1953), Butler’s The World of the Honeybee 
(1954a), Snodgrass’ Anatomy of the Honey Bee (1956), 
Biene und Bienenzucht (edited by Büdel and Herold, 
1960), Lindauer’s Communication among Social Bees 
(1961), Dade’s Anatomy and Dissection of the Honeybee 
(1962), von Frisch’s The Dance Language and Orientation 
of Bees (1967a), and, most recently, the five-volume Traité 
de biologie de l'abeille, edited by Chauvin (1968). A bibli- 
ography of the “other” honeybees, that is, the species of 
Apis other than mellifera, has been published in Bee 
World, Volume 48, pages 8-15 (1967). 

At the risk of oversimplification, it can be said that the 
key to understanding the biology of the honeybee lies in 
its ultimately tropical origin. It seems very probable that 
the species originated somewhere in the African tropics 
or subtropics and penetrated colder climates prior to the 
time it came under human cultivation. In this connection 
I believe it would be appropriate to quote the authorita- 
tive opinion of C. D. Michener (in a letter): “I take the 
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ability of Apis mellifera to form a winter cluster as an 
evolutionary change that adapted it to cold climates. I 
know of no evidence that it was brought to northern 
climates by man. The races of Germany, England, etc., 
differ in obvious genetically controlled features (color, size, 
proportions of various body parts) from the more southern 
races and presumably have been selected over a consid- 
erable period of time in cold climates. The most distinctive 
race of all is that of a limited area in southernmost Africa 
which has a temperate climate. It differs from the other 
races in the regular production of females from unfertil- 
ized eggs, in the large, although presumably not func- 
tional, spermatheca of the worker, and in various other 
respects. Moreover, Apis mellifera does not occur in the 
Asiatic tropics. It is however exceedingly common in the 
African tropics. Presumably its original distribution, be- 
fore white man carried it around the world, was the whole 
of Africa, all but northernmost Europe, and western Asia.” 
Geographic variation in A. mellifera has recently been the 
subject of an intensive review by Rothenbuhler, Kulin- 
éevic, and Kerr (1968). These authors stress the complex 
and apparently long-standing racial variation that occurs 
through most of the range of this species in Africa, Europe, 
and the Middle East. 

Thus, unlike the vast majority of social bees endemic 
to the cold temperate zones, the honeybee is perennial, 
and, being perennial, it is able to grow and sustain large 
colonies. Having large colonies, it must forage widely and 
exploit efficiently the flowers within the range of its nests; 
the waggle dance and Nasanov gland communication 
system are clearly adaptations to this end. Also, being 
ultimately tropical in origin, its colonies multiply by 
swarming; there is no need to have a hibernating solitary 
phase in the colony life cycle. And finally, since the queen 
is relieved of the necessity to overwinter and initiate colo- 
nies in solitude, she has regressed in evolution toward the 
role of a simple egg-laying machine, with the result that 
the queen and worker castes differ strongly from one 
another in both morphology and physiology. Within the 
scope of these interlocking effects are to be found just 
- about all of the phenomena that distinguish Apis mellifera 
from the endemic cold temperate bee species. When we 
turn to the tropical faunas and consider what else has 
evolved to eusocial levels within the Apoidea, the contrasts 
are not nearly so sharp. The prevailing group of tropical 
eusocial bees, the Meliponini, not only resemble Apis in 
their life cycle, but are comparable to it in complexity of 
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social organization. Of course, a great many, perhaps 
most, of the primitively eusocial bees exist in the tropics, 
but this does not affect the important generalization that 
the most advanced bee societies are tropical in origin. 

Apis mellifera, the domesticated honeybee, is one of four 
living species in the genus. The other three are limited 
to tropical southeastern Asia. One, the Indian honeybee 
(Apis indica) is so close to A. mellifera in anatomical fea- 
tures that it ranks as possibly nothing more than a wild 
southern subspecies. Together with A. mellifera, it is dis- 
tinguished from the other Apis by the habit of building 
several combs, one behind the other, in large cavities. Left 
to their own devices, colonies of mellifera and indica nor- 
mally construct the combs in hollow trees. The abdomen 
of the indica worker is strikingly banded as in the Italian 
strain of mellifera, but its body is only about half as large. 
The behavior of indica colonies, insofar as it is known, 
is quite similar to that of mellifera colonies. They resemble 
members of the African races of mellifera in their strong 
tendency to abscond from the nest in the face of food 
shortage or the slightest disturbance of the nest. It appears 
likely that domestication of mellifera in ancient times 
involved bringing this tendency under genetic control by 
selecting for less restive strains. 

The dwarf honeybee (Apis florea) is the smallest mem- 
ber of the genus; its workers are a mere seven to eight 
millimeters in length. It is also the most strikingly col- 
ored; the abdomen of the worker is marked by two brick- 
red segments and regularly spaced, transverse, silvery 
bands. The colony constructs a single naked comb, about 
the size of a dinner plate, which hangs vertically beneath 
a tree branch. The bodies of the workers are normally 
massed so thickly over the comb as to constitute a living, 
shingle-like coating. Lindauer (1961) found that the honey 
cells are two or three times longer than the brood cells 
and concentrated at the upper end of the comb, where 
their combined lateral surfaces form the platform on 
which horizontal waggle dances are performed. The colo- 
nies are even more prone to emigrate than A. indica and 
indeed may be regarded as nomadic since they regularly 
shift their nest sites to areas of temporarily richest food 
supply. 

The giant honeybee (Apis dorsata) is about the size of 
a hornet (worker length, 16-18 mm). The colonies are 
large, and the workers are famous for their quick tempers 
and painful stings. The nests consist of single, naked 
combs hung vertically from tree branches, cliff overhangs, 
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or the roofs of buildings. The combs are semicircular and 
often more than a meter in diameter. The colonies are 
as prone to emigrate as those of A. florea. In fact, accord- 
ing to Lindauer (personal communication), those in 
Ceylon migrate at a fixed season for distances as great 
as 160 km. A. dorsata has recently been the object of an 
intensive study in the Philippines by Morse and Laigo 
(1969). 

Electrapis meliponoides of the Baltic amber was inter- 
preted by Cockerell (1909) to be intermediate between 
Bombus and Apis but nevertheless probably a side branch 
of early apid evolution, rather than the ancestor of either 
of the living genera. This form, together with three addi- 
tional related species of the same geological age, which 
have been discovered since Cockerell’s time, do form a 
group generically distinct from Apis. However, additional 
bees from the Rott lignite of lower Miocene age have been 
placed in the genus Apis (as the subgenus Synapis) and 
appear to be close to the ancestral line of the living species 
(Kelner-Pillault, 1969). Thus it appears most likely that 
the true honeybees arose in the Old World sometime in 
late Oligocene or very early Miocene times. 

The colony life cycle of Apis mellifera can be conve- 
niently regarded as beginning with the swarming process 
inside the parental nest. The causal factors of swarming 
are not well understood at present. It is at least clear that 
crowding of the worker bees within the nest plays an 
important, though not an exclusive, role. At this point the 
colony has anywhere from about 20,000 to 80,000 workers. 

- The first event is the construction by the workers of a small 
number of royal cells, which are large, ellipsoidal cham- 
bers usually placed along the lower margins of the combs. 
We know that these cells will not be built so long as the 
mother queen is producing “queen substance” (trans-9- 
keto-2-decenoic acid) from her mandibular glands in 
sufficient quantity for each worker to receive on the aver- 
age of at least 0.1 ug per day. But with the onset of the 
swarming season in late spring, the queen’s production 
of the 9-ketodecenoic acid falls off, and construction of 
royal cells ensues. The queen lays one egg in each royal 
cell, and the hatching larvae are fed special foods by the 
workers, which insures their development into queens. The 
growth of a new queen is astonishingly quick, requiring 
only 16 days from the laying of the egg to the eclosion 
of the adult bee, as opposed to 21 and 24 days for the 
worker and drone, respectively. While all of this is going 
on, the status of the mother queen changes. She still lays 
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a few eggs, but her abdomen is reduced in size, and she 
begins to behave in an agitated fashion. The workers feed 
her less and even show mild hostility, pummeling and 
jumping on top of her. Eventually she is pushed out of 
the hive and flies off in the company of a large group of 
workers. Several such swarms may emerge around this 
time. The “prime” swarm, containing the old queen, usu- 
ally leaves soon after the first royal cell has been capped, 
just prior to the pupation of the queen larva inside. The 
first “afterswarm,” containing the first of the new queens, 
occurs around eight days later, very soon after the new 
queen emerges from the royal cell and mates. The occur- 
rence of afterswarms depends on the size and health of 
the colony, and the number of these events varies greatly. 
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FIGURE 5-15. The nests of honeybees (Apis mellifera) in 
the natural state consist of double-layered waxen combs sus- 
pended vertically from a support. In most cases they are con- 
structed in hidden retreats, such as the hollow tree shown in 
this example. 


FIGURE 5-16. A portion of a colony of honeybees. In the upper left-hand corner the 
mother queen is surrounded by a typical retinue of attendants. She rests on a group of 
capped cells, each of which protects a developing worker pupa. Many of the open cells con- 
tain eggs and larvae in various stages of development, while others are partly filled by pollen 
masses or honey (extreme upper right). Near the center a worker extrudes its tongue to sip 
regurgitated nectar and pollen from a sister. At the lower left another worker begins to drag 
a drone away by its wings; the drone will soon be killed or driven from the nest. At the lower 
margin of the comb are two royal cells, one of which has been cut open to reveal the queen 
pupa inside (original drawing by Sarah Landry). 
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FIGURE 5-17. Principal stages in the life cvele of the honey- 
bee (Apis mellifera). Although only a single afterswarm is 
shown in this particular scheme, two or More occur in extreme 
cases in nature. 


Eventually, however, about two-thirds of all the workers 
leave the nest. 

The swarming bees fly en masse for a short distance 
from the old hive and settle onto an aerial perch. such 
as the trunk or branch of a tree. or the side of a building. 
where they cluster tightly to form a solid mass of bodies. 
It is known that a second pheromone produced in the 
queen's mandibular glands. srans-9-hydroxy-2-decenoic 

- acid, is necessary for this grouping behavior to be con- 
summated. Scout bees now fly out from the bivouac in 
all directions in the search for a new permanent nest site. 
When a suitable site is found—a hollow tree, the enclosed 
eave of a building. an unoccupied commercial hive—the 
scouts return and signal the direction and distance of the 
find. This is accomplished by means of waggle dances 
performed on the sides of the swarm. Different scouts may 
announce different sites simultaneously, and a contest 
ensues. Finally the site being advertised most vigorously 
by the largest number of workers wins. and the entire 
swarm flies off to it. Now there are two colonies: the 
fraction back at the old nest which is about to acquire 
a newly fecundated daughter queen, and the fraction at 
the new nest which contains the old mother queen. 

For a brief time, the workers at the parental nest are 
queenless. But the events that ensure requeening have 
long since been set in motion. Even before the con- 
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struction of the queen cells that preceded swarming. the 
workers have built a group of drone cells, which look just 
like worker cells except that thev average slightly larger. 
Into these the mother queen lays unfertilized eggs. which, 
true to the haplodiploid mode of sex determination prev- 
alent in most Hymenoptera, develop into males. When 
thev are four days or more into adult life. the males begin 
leaving on mating flights, traveling short distances from 
the nests to special areas where they join loose swarms 
of males from other nests in the Vicinity. Here, in sustained 
flight. they await the approach of the virgin queens, 

The first virgin queen to emerge from a roval cell is 
the only adult member of her caste in the nest. Her mother 
has already departed. and her sister queens are sull in 
their cells. She now searches through the colony fer her 
rival sisters, exchanging with them special sound signals 
descriptively labeled as “piping” and “quacking.” If her 
sisters emerge from their own cells while she is present. 
fighting ensues and is continued until only one queen is 
left, either by swarming or by sequential killing. The virgin 
queen is urged out of the nest and on to her nuptial fight 
by mildly aggressive behavior on the part of the workers. 
As she approaches the male congregations, she releases 
small quantities of 9-ketodevenoic acid from her man- 
dibular glands. As this scent disperses downwind, it at- 
tracts males from distances of ten meters or more. The 
mating is quick and violent: the male literally explodes 
its internal genitalia into the genital chamber of the queen 
and quickly dies. The queen makes as many as three 
flights a day for a total of up to 12 flights or more, and 
on each flight she mates with a different male. Finally, 
she obtains enough sperm to last her lifetime. Then. she 
either participates in an afterswarm, making way for the 
next Virgin queen to emerge and mate, or else she destroys 
the other young queens and takes over the nest. In either 
case, if conditions are favorable. her own daughter 
workers will cause the worker population under her von- 
trol to double within a vear, and the colony van divide 
again. 


The Origin of Social Behavior in Bees 


In 1923 W. M. Wheeler, enchanted by Emile Roubaud’s 
concept of trophallaxis in wasps, fashioned what was to 
become the traditional interpretation of the origin of social 
life in insects. According to this view, which Wheeler 
documented with new information en primitively social 
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wasps provided by Roubaud, F. X. Williams, and others, 
eusocial life is reached through a series of subsocial steps 
in evolution: the mother becomes more intimately associ- 
ated with her young, then her own longevity increases, 
and finally she lives long enough to gain the cooperation 
of her offspring when they reach the adult stage. The 
theory, which, as we saw in Chapter 3, still fits our knowl- 
edge of wasps quite well, was applied indiscriminately to 
all of the eusocial insects by Wheeler and subsequent 
authors. 

In 1958 C. D. Michener cited new lines of evidence to 
indicate that a different evolutionary route has been fol- 
lowed by the bees. Except for the allodapines, he sug- 
gested, eusociality has been reached by parasocial steps. 
Adult-larva relationships were thought to play no role 
because worker bees evidently provision the brood cells 
with all the food the larva will need prior to the laying 
of the egg and seal off the brood cell while the larva is 
developing. In Michener’s view, eusociality has arisen in 
at least some bee groups from a situation in which adult 
females first cooperate and then, as evolution proceeds, 
begin to divide the roles of egg laying and foraging among 
themselves. This bifurcation of evolutionary pathways has 
been rendered somewhat less neat by the recent discovery 
that workers of the primitively social halictines often 
reenter brood cells to clean out waste material and, at least 
in the case of Evylaeus malachurus, to add nectar. In other 
words there is considerable worker-larva contact after all 
(Plateaux-Quénu, 1962; Batra, 1964; Knerer, 1969). Yet 
the matter is not pivotal since the intensity of worker-larva 
contact cannot contribute as much to social complexity 
as the amount of reproductive division of labor and the 
extent of overlap of generations. Even so, Michener’s 
distinction reduces to one of sequence of events in the 
evolution of the life cycle, the essentials of which can be 
expressed in the following way. 


The parasocial route in evolution (some bees?): 

1. Females of the same generation aggregate and co- 
operate in building the nest (communal behavior) 

2. Next they cooperate in brood care (quasisocial be- 
havior) 

3. Then they divide into queen and worker castes 
(semisocial behavior) 

4. Finally, some live long enough to coexist in the same 
colony with their daughters or nieces (eusocial be- 
havior) 
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The subsocial route in evolution (other social insects): 
1. A single female builds the nest and stays around 
to care for her brood (subsocial behavior) 
2. The female lives long enough to be around when her 
daughters reach the adult stage, and they help her 
raise more of her daughters (eusocial behavior) 


Both routes lead from the solitary state to the accumu- 
lation of the same three qualities which I gave earlier 
(Chapter 2) as tautologically defining the eusocial state, 
namely cooperative brood care, reproductive castes, and 
overlap of generations. 

Let us now look more closely at the evolutionary steps 
to eusociality in the bees as they have most recently been 
envisioned by Michener (1969a). The crux of the whole 
scheme, as we shall see, is whether or not truly semisocial 
species exist. 

Solitary bees. In the majority of bee species each female 
makes one or more nests of her own, without reference 
to the location of nests built by other females of the same 
species. She mass-provisions the cells in the nest, that is, 
she places enough pollen and honey in each cell to provide 
for the larva throughout its development and lays an egg 
in each cell. Finally she seals the cell and goes on to 
construct others. In the great majority of solitary species, 
the mother bee dies before her offspring reach maturity. 
In a few exceptional cases, however, there is overlap, and 
direct contact may even occur. In Halictus quadricinctus, 
for example, the mother remains in the nest, which has 
multiple cells, and is still present when the first of her 
offspring emerge. 

Aggregations of solitary bees. A very common phe- 
nomenon in all families of bees except the Apidae is the 
grouping of nests of solitary bees. The entrances are rela- 
tively close together, even though none of the tunnels or 
brood areas are joined. The numbers of nests in such 
aggregations vary from only two or three to thousands. 
Some aggregations clearly come about as a simple effect 
of limited nesting space. On the other hand, Michener, 
Lange, Bigarella, and Salamuni (1958) found that aggre- 
gations of some solitary species occur even when extensive 
stretches of seemingly identical but unoccupied habitats 
occur close by. They concluded that the groupings were 
due either to a tendency for bees to return to their birth- 
place or to an innate attractiveness of bees of the same 
species for each other. The importance of aggregation 
behavior is that, while not involving cooperation among 
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adults or other obvious forms of sociality, the crowding 
predisposes species to adopt such behavior. 

Communal groups of bees. Michener employs this ex- 
pression to designate groups of females which utilize a 
single composite nest but each of which makes and provi- 
sions her own cells. The advantages of such a system are 
obvious: economy of labor results from the necessity of 
having only one entrance tunnel instead of many, while 
defense of the tunnel, and hence of all the brood cells, 
is more persistent and effective. Communal groups are 
known in many species of the Andrenidae, the Mega- 
chilidae, and the halictid subfamilies Halictinae and 
Nomiinae. Virtually every degree of development of the 
phenomenon has been documented, from occasional co- 
habitation of two females belonging to normally solitary 
species, as, for example, in Andrena erythronii and Nomia 
punctulata, to large assemblages that build as many as 
1750 cells in one nest, as in Anthidium repetitum. 

Quasisocial groups of bees. An important step up in 
sociality has been taken by those species whose females 
not only build and guard the entrance tunnel in concert 
but also cooperate in constructing and provisioning brood 
cells. There is as yet no evidence of division of labor; all 
of the females work at nest construction and all, presum- 
ably, lay eggs from time to time. Michener has postulated 
the existence of this category in nature, but it has not yet 
been firmly documented. The strongest indication seems 
to be in the genus Euglossa, where the number of females 
nesting together (as many as eight) often outnumber the 
cells being constructed (Roberts and Dodson, 1967; 
Sakagami, Laroca, and Moure, 1967). The Euglossinae are 
also significant in that they are’the only members of the 
Apidae that are not eusocial. Their behavior is therefore 
likely to cast light on the origins of eusociality in the 
remainder of the family. In addition, Dodson (1966) has 
reported the existence of a series of species within the 
single genus Euglossa which exhibit stages from wholly 
solitary to quasisocial nest building. Unfortunately, the 
euglossines are exclusively tropical, and their nests are 
notoriously hard to find so that information has been slow 
in arriving. 

Semisocial groups of bees. These societies consist of 
females of the same generation who cooperate in building 
and provisioning the nest and who are further divided into 
two functional castes, inasmuch as some of the females 
do not lay eggs but serve exclusively as workers. Hamilton 
(1964) has doubted the existence of such a step in evolu- 
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tion on the a priori grounds that it would be selectively 
disadvantageous for females to subordinate themselves to 
other females of the same generation in this fashion. 
Hamilton’s reasoning, which will be explained fully in 
Chapter 17, is correct as far as it goes. To question the 
likelihood of the semisocial state is to doubt that euso- 
ciality can be attained by the parasocial route as postu- 
lated by Michener, that is, communal to quasisocial to 
semisocial to eusocial. The evidence for the existence of 
the semisocial stage therefore needs to be closely seruti- 
nized. 

Actually, the evidence needed to establish at least the 
feasibility of semisocial behavior is already firmly in hand, 
contra Hamilton’s inference. As we have seen already, 
halictine females of the same generation often form asso- 
ciations in the spring to found colonies. and their ovarian 
development at this time is so variable as virtually to 
insure some degree of reproductive division of labor. 
Similar aggregations, with absolute reproductive division 
of labor, have been documented in the paper wasps of 
the genus Polistes and rationalized in theory by West 
(1967). Both the halictine and Polistes groups go on to 
produce eusocial colonies as the summer progresses, so 
that one cannot refer to them as strictly semisocial groups. 
But the point remains that if initial aggregations can be 
organized in a semisocial manner, then permanently 
semisocial species are at least feasible. 

Nevertheless, the evidence for a true and persistent 
semisocial state is still limited to the tribe Augochlorini 
and is circumstantial in nature. In Augochloropsis sparsilis 
of Brazil, Michener and Lange (1958a, 1959) recorded as- 
pects of the life cycle which indicate that the colonies are 
semisocial. Each nest consists of a burrow excavated into an 
earthen bank and ending in one to several cells. In most 
cases several females, from about two to eight, occupy 
each nest. The females that overwinter presumably belong 
to the same generation, although on this crucial point 
Michener and Lange are less than decisive: “From obser- 
vations of marked individuals we know that females of 
various ages go into the winter. The badly worn and 
tattered bees disappear in the fall, but some bees several 
months old, although still unworn or nearly so, overwinter 
with young unworn females.” At the beginning of spring 
all of these females have unworn wings and mandibles, 
together with weakly developed ovaries. The vast majority 
(85 of 86 sampled) are fertilized and hence capable of 
becoming queens. In short time, however, a division of 
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labor becomes manifest. Some of the bees begin to show 
wing and mandible wear, while their ovaries stay unde- 
veloped; they have evidently become workers. Others 
undergo marked ovarian development and remain un- 
tattered; they are the queens. There are no external 
morphological differences between the two types. As the 
season progresses, the differentiation between the castes 
strengthens. By midsummer 15-20 percent of the females 
are unmated, and most of these are functioning as 
workers. The descriptions supplied by Michener and 
Lange imply a turnover of individuals sufficiently rapid 
to insure that the adult bees are sisters rather than mothers 
and daughters, but survivorship data directly supporting 
such an assumption are lacking. Also, it is not known 
whether or not the same individual can assume the roles 
of both egg layer and worker at different times of its life. 
The Augochloropsis case appears to me to be suggestive 
but not decisive. 

The same must be said to be true of the three Costa 
Rican species of Pseudaugochloropsis (costaricensis, gram- 
inea, nigerrima) studied by Michener and Kerfoot (1967). 
The evidence for semisociality, as in Augochloropsis, is 
based on composite data from many dissected nests rather 
than life histories of single colonies. About two-thirds of 
the nests are inhabited by single females who construct 
one to six brood cells. The first brood of sisters remain 
in the nest and sort themselves into primitive castes in 
the manner of Augochloropsis, with the difference that the 
egg layers are very slightly larger than the workers. The 
evidence concerning the matter of relationships among the 
cooperating females is the following. First, Michener and 
Kerfoot note that the small nests, which make up the 
majority of all nests, are normally occupied by only one 
female. The female apparently ceases construction activity 
after provisioning one to six cells: “Cessation of maternal 
nesting activity is shown by the numerous small cell clus- 
ters containing one to six pupae or prepupae but no 
younger stages . . . even though the mother is still present. 
Other nests lack the mother, suggesting that she dies at 
about the time when her brood reaches maturity.” The 
second piece of evidence indicating a short life for the 
foundress female is supplied by the circumstance that, in 
larger colonies, both the “egg layers and workers were 
comparably worn; they are therefore probably sisters, not 
mothers and daughters. This implies that the lone egg 
layers that establish nests do not survive to act as queens 
of colonies, and that these species are semisocial in the 
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sense of Michener and Lange.” These observations are 
suggestive but not as strong as needed to give definitive 
support to Michener’s theory of parasocial evolution in 
bees. In any case, Sakagami and Hayashida (1961), as well 
as Michener himself (1969a), have concluded that evolu- 
tion by the parasocial route in the strict sense has occurred 
in only a part, possibly even a small part, of the social 
bees. The origin of eusociality in bees may, moreover, be 
even more complex than this degree of uncertainty indi- 
cates, as we shall now see. 

Consider again the allodapines. Since the discoveries 
of Brauns, it has always been assumed that the allodapine 


.bees achieved eusociality by the subsocial route. This is 


because the larvae are progressively fed, requiring the 
presence of the mother up to at least the time of pupation 
of the youngest larva. It is an easy step to where the 
mother lives in the nest long enough to confront her first 
adult female offspring. If the offspring aid the mother in 
rearing their own brothers and sisters, even if for only a 
short interval, eusociality has been attained. This is a 
precise description of the situation in the eusocial allo- 
dapines whose life cycles are known. It is interesting to 
reflect on why evolution took this particular course in the 
allodapines. It does not seem to result from any innate 
advantage accruing to progressive provisioning, and, 
hence, not from close contacts between adults and larvae. 
Rather, as Michener has pointed out, progressive provi- 
sioning might be simply an adaptation to life in hollow 
stems. Some species of Ceratina, which are solitary rela- 
tives of the allodapines and with them the only bees that 
utilize hollow stems, have the curious habit of provisioning 
the nest without dividing it entirely into cells. This omis- 
sion may be a move toward economy in nest construction. 
In any case, it facilitates the evolution of progressive 
provisioning and, with this mode of brood care, the at- 
tainment of overlap of generations and early eusociality. 

Now it is true that most of the allodapines are primi- 
tively eusocial, and the condition is intimately associated 
with progressive provisioning. But it is also the case that, 
soon after the first adult offspring appear, the mother dies 
and her adult daughters take over the care of the orphaned 
larvae. Some begin to lay eggs on their own, while others 
function as workers, and the association is now semisocial 
in nature. Exactly the same confused condition occurs in 
some of the Halictini. This leads to the question of which 
came first, the overlap of generations or the division of 
labor among sisters. At this point we can fairly say that the 
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distinction between the parasocial and subsocial routes is 
no longer a fundamental one. For it is important to re- 
member that two of the defining qualities of eusociality, 
overlap of generations and reproductive division of labor, 
can evolve independently, and they can also evolve in 
concert. It is likely that the two conditions were evolved 
more or less in concert in the bee groups. Exactly which 
was achieved first is not a matter of overriding conse- 
quence. Put another way, the subsocial and parasocial 
routes, as originally envisioned by Wheeler and Michener, 
are two extremes, and they involve the prior, exclusive 
appearance of either overlap of generations or repro- 
ductive division of labor. Many intermediate timetables 
are possible and seem actually to have been followed in 
the evolution of the bees. 

Finally, it now seems likely that social evolution can 
be reversed and a eusocial species can revert to a solitary 
condition. In his study of the biology of Australian allo- 
dapines, Michener (1964b, 1965b) determined that the 
genus Exoneurella differs from its close relative Exoneura 
in one detail in the colony life history: when the females 


102 The Social Bees 


mature, they disperse quickly to start new nests instead 
of tending to remain in the parental nest as is the case 
in Exoneura. If the mother dies, one (but not more than 
one) of the daughters sometimes remains in the nest to 
care for the remaining brood. In itself, the difference in 
behavior is rather subtle, but it results in Exoneurella 
being subsocial, whereas Exoneura is by definition euso- 
cial, albeit very primitively so. Furthermore, Michener 
believes that the solitary condition may be derived from 
an Exoneura-like eusocial state. In evidence of the propo- 
sition is the fact that Exoneurella males emerge predomi- 
nantly at the end of the growing season in the fall, a 
characteristic which Knerer and Plateaux-Quénu have 
shown to be a concomitant of eusociality. If eusociality 
is reversible, it is even possible that phyletic lines may 
fluctuate between the presocial and eusocial states, and 
back and forth across the various presocial states. Conse- 
quently, until substantially more information is available 
on the comparative life cycle of bees, it will not be pos- 
sible to do more than set a lower limit on the number of 
times that sociality has arisen within the bees. 


6 The Termites 


In an almost literal sense, termites can be called social 
cockroaches. Comparisons made between the most 
primitive termite family, the Mastotermitidae, and the 
primitive blattoid cockroaches, in particular the Crypto- 
cercidae, have revealed detailed resemblances in a multi- 
tude of unrelated characters: wing venation (Emerson, 
1965); external structure of the terminal abdominal seg- 
ments (Crampton, 1923; Browman, 1935); internal anat- 
omy of the female genitalia (Ahrens, 1934; McKittrick, 
1965); mandibular dentition of the workers and royal 
imagoes (Ahmad, 1950); tarsal segmentation (Ratcliffe, 
Gay, and Greaves, 1952); bacteriocytes (Jucci, 1932; 
Koch, 1938); and the endocrine system (Mosconi, 1958). 
Of the 25 species of symbiotic hypermastigote and poly- 
mastigote flagellates found in the gut of the wood-eating 
cockroach Cryptocercus punctulatus (21 and 22 species, 
respectively, in the two United States populations, of 
which 18 are held in common), all belong to families also 
found in the lower termites. Even one genus, Tricho- 
nympha, is shared. These intestinal protozoans can be 
successfully “transfaunated” from cockroach to termite 
and vice versa (Cleveland, Hall, Sanders, and Collier, 
1934). Mastotermes darwiniensis, the only living member 
of its family, also possesses an intestinal bacterial flora 
similar to that in cockroaches, and it lays its eggs in 
batches strongly reminiscent of cockroach oothecae. In life 
the young nymphs of Cryptocercus bear a striking super- 
ficial resemblance to termite workers. It is of course too 
much to hope that any of the living cockroaches can be 
identified as the ancestor of the termites. All known alate 
blattarians have horny forewings, so that the membranous 
wings of the termites are more primitive (Ahmad, 1950). 
Mastotermes has an anal lobe resembling that of the 


winged cockroaches, but it is reduced, including only the 
second anal vein and its branches. Also, the jugal region 
and jugal fold found in cockroaches are absent in the 
termites (Tillyard, 1931; Emerson, 1965). But these are 
not cardinal differences, and some specialists, McKittrick, 
for example, have gone so far as to place the termites in 
the same order (Dictyoptera) as the cockroaches and 
mantids. 

Because the termites have climbed the heights of euso- 
ciality from a base extremely remote in evolution from 
the Hymenoptera, it is of surpassing interest to know 
whether their social organization differs in any funda- 
mental way. Although value judgments of the degree of 
convergence of two radically differing stocks are difficult 
to make, much less to justify quantitatively, I believe the 
following assessment can reasonably be made. The ter- 
mites have adopted mechanisms that are mostly but not 
entirely similar to those in the social Hymenoptera. Also, 
the level of complexity of termite societies is approxi- 
mately the same as that in the more advanced hymen- 
opteran societies. In Table 6-1, I have listed the principal 
known similarities and dissimilarities of the two kinds of 
societies. This very simplified accounting does not over- 
look the fact, already stressed in previous chapters, that 
a great deal of important variation also occurs within the 
social Hymenoptera. Surely the similarities are re- 
markable in themselves. They seem to tell us that there 
are constraints in the machinery of the insect brain that 
limit not only the options in the evolution of social orga- 
nization but also the upper limit that the degree of orga- 
nization can attain. These limits appear to have been 
reached between 50 and 100 million years ago in both 
the termites and the social Hymenoptera. 
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TABLE 6-1. Basic similarities and differences in social biology between termites and higher social Hymenoptera (wasps, 
ants, bees). Similarities are due to evolutionary convergence. 


Similarities 


Differences 


Termites 


Eusocial Hymenoptera 


l. 


The castes are similar in number and kind, 
especially between termites and ants 


. Trophallaxis (exchange of liquid food) 


occurs and is an important mechanism in 
social regulation 


. Chemical trails are used in recruitment as 


in the ants, and the behavior of trail laying 
and following is closely similar 


. Inhibitory caste pheromones exist, similar 


in action to those found in honeybees 
and ants 


. Grooming between individuals occurs 


frequently and functions at least partially in 
the transmission of pheromones 


. Nest odor and territoriality are of general 


occurrence 


. Nest structure is of comparable complexity 


and, in a few members of the Termitidae 
(e.g., Apicotermes, Macrotermes), of 
considerably greater complexity. Regula- 
tion of temperature and humidity within 
the nest operates at about the same level 
of precision 


. Cannibalism is widespread in both groups 


(but not universal, at least not in the 
Hymenoptera) 


. Caste determination in the lower 


termites is based primarily on 
pheromones; in some of the higher 
termites it involves sex, but the other 
factors remain unidentified 


. The worker castes consist of both 


females and males 


. Larvae and nymphs contribute to 


colony labor, at least in later instars 


. There are no dominance hierarchies 


among individuals in the same 
colonies 


. Social parasitism between species is 


almost wholly absent 


. Exchange of liquid anal food occurs 


universally in the lower termites, and 
trophic eggs are unknown 


. The primary reproductive male (the 


“king”) stays with the queen after the 
nuptial flight, helps her construct the 
first nest, and fertilizes her 
intermittently as the colony develops; 
fertilization does not occur during the 
nuptial flight 


. Caste determination is based 


primarily on nutrition, although 
pheromones play a role in 
some cases 


. The worker castes consist of 


females only 


. The immature stages (larvae 


and pupae) are helpless and 
almost never contribute to 
colony labor 


. Dominance hierarchies are 


commonplace, but not 
universal 


. Social parasitism between 


species is common and 
widespread 


. Anal trophallaxis is rare, but 


trophic eggs are exchanged in 
many species of bees and ants 


. The male fertilizes the queen 


during the nuptial flight and 
dies soon afterward without 
helping the queen in nest 
construction 


A second key to the understanding of termite biology 
is the principally cellulose diet of these insects. The more 
primitive species feed directly on the wood in which they 
nest, while the morphologically advanced species nest in 
the soil and forage for dead wood, grass, seeds, and other 
diffuse sources of cellulose. The utilization of their food 
source has reached impressive levels of efficiency, espe- 
cially in the family Termitidae. In the rhinotermitid genus 
Coptotermes and termitid genera Cubitermes, Microcero- 
termes, Nasutitermes, and quite likely other termitids as 
well, cellulose or cellulose products are digested, lignin 
and siliceous material are passed out in fecal pellets, and 
the pellets are used in turn to construct the walls of the 
nest (Snyder and Zetek, 1924; Cohen, 1933; R. M. C. 
Williams, 1959a). In the fungus-growing termites (sub- 


family Macrotermitinae) imperfectly digested pellets are 
built into fungus combs, where symbiotic fungi of the 
genus Termitomyces degrade them further. The combs and 
fungal pellets are then eaten again by the termites (Grassé 
and Noirot, 1958a; Sands, 1969). The combs also play a 
secondary role in the ventilation of the nest by adding 
heat of fermentation to the central core of the nest which 
in turn drives used air upward in exit channels through 
convection (Lüscher, 1961a). The cellulose diet has left 
its stamp on the social biology of termites in other ways. 
Perhaps most importantly, it has bound these insects to 
symbiotic intestinal protozoans and bacteria. In order to 
transmit the symbionts, the termites engage in a unique 
form of anal liquid exchange. It is even possible that the 
symbiosis was the primary cause of social life in termites 
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in the first place, a subject that will be taken up again 
later in this chapter. 

All of the termites together comprise the Order 
Isoptera. Several versions of higher classification, dividing 
the order into either five or six families, have been offered 
in recent years (Grassé, 1949; Snyder, 1949; Roonwal, 
1962a). The most authoritative arrangement is that of 
Emerson (1965), who recognizes six families: Masto- 
termitidae, Kalotermitidae, Hodotermitidae, Rhinotermi- 
tidae, Serritermitidae, and Termitidae. The first four fam- 
ilies are referred to as the “lower” termites. They are 
distinguished as a group by the possession of symbiotic 
intestinal flagellates. The Termitidae are called the 
“higher” termites and are exceptionally diverse, being 
comprised of more genera and species than all the other 
families put together. The Serritermitidae occupy an un- 
certain phylogenetic position. The family consists of only 
one known species, Serritermes serrifer of Brazil, whose 
imagoes and workers possess falcate mandibles of the most 
specialized type found anywhere in the termites. Holm- 
gren ranked the species as a subfamily of the Rhino- 
termitidae and Ahmad as a subfamily of the Termitidae, 
but Emerson does not believe that it fits into any mono- 
phyletic grouping of genera comprising either family. As 
of April 1969 there were a total of about 2,200 living 
species of termites known, 1,914 described and approxi- 
mately 300 undescribed in collections available to Emer- 
son (personal communication). 

All termites are eusocial. The vast majority are limited 
to the tropics, and this is especially true of the Termitidae. 
In Table 6-2 are given the names and distributions of all 
of the subfamilies and most of the principal genera of the 
world fauna, while Table 6-3 provides the species counts 
in the major groups. A good sample of the genera are 
illustrated in Figures 6-1 to 6-5. 

The fossil history of the termites contains curious par- 
allels to that of the ants. The few specimens so far dis- 
covered in Eocene rocks belong to the relatively primitive 
families Mastotermitidae and Kalotermitidae. The Baltic 
amber fauna, of Oligocene age, is essentially modern (as 
in the ants), being comprised of representatives from the 
Hodotermitidae, Kalotermitidae, and Rhinotermitidae. 
Several of the Baltic amber genera are extinct, but are 
not of a particularly archaic character. The remainder of 
these amber genera exist today in warm temperate cli- 
mates of Europe and Asia. A recently discovered tropical 
termite fauna in Chiapas (Mexico) amber, of Oligocene- 
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TABLE 6-2. List of families and principal genera of the 
world termite fauna, together with distributions of the 
genera in terms of major zoogeographic regions (based 
on Emerson, 1952, 1955, 1965, and personal 


communication). 
Division 


Family Mastotermitidae 


a Mastotermes 
Miotermes 


Family Kalotermitidae 


2 Kalotermes 
a Cryptotermes, 
Procryptotermes 
a Neotermes 
Rugitermes 
a Glyptotermes 


a Calcaritermes 
Electrotermes 


Family Hodotermitidae 
a Archotermopsis, 
Hodotermopsis 
a Zootermopsis 
Stolotermes 
Porotermes 


Hodotermes 
Anacanthotermes 
Cretatermes 


Termopsis 


Family Rhinotermitidae 
Psammotermes 
a Coptotermes 
a Heterotermes 
a Reticulitermes 


Prorhinotermes 


Termitogeton 
Parrhinotermes 
Schedorhinotermes 
Rhinotermes 
Parastylotermes 


Family Serritermitidae 
Serritermes 


Family Termitidae 
Subfamily Amitermitinae 
Speculitermes 
Anoplotermes 
Euhamitermes, Eurytermes, 


Indotermes, Protohamitermes 


Distribution 


Australia 
Fossil only, in Tertiary of 
Europe 


World-wide 

World-wide except for 
temperate Eurasia 

World-wide 

Polynesia, New World tropics 

World-wide, except for North 
Temperate Zone 

New World 

Fossil only, in Tertiary of 
Europe 


Eurasia, Temperate Zone 


North America 

Africa, Australia, New Zealand 

Africa, Australia, New World 
(Chile only) 

Africa 

Asia, Africa 

Fossil only, in Cretaceous of 
Labrador 

Fossil only, in Tertiary of 
Europe 


Eurasia, Africa 

World-wide, mainly tropical 

World-wide, mainly tropical 

Eurasia, North America, 
temperate only 

World-wide, tropical islands 
and shores 

Asia 

Asia, Australia 

Asia, Africa, Australia 

New World tropics 

Fossil only, in Tertiary of 
Europe and North America 


New World tropics 
Asia, New World tropics 


Africa, New World 
Asia 


TABLE 6-2 (continued). 
Division 


Family Termitidae (continued) 


Ahamitermes, Incolitermes 
a Microcerotermes 


Amitermes 
Drepanotermes 
Gnathamitermes 


Subfamily Termitinae 
Apicotermes, Basidentitermes, 
Crenetermes, Cubitermes, 

Euchilotermes, Fastigitermes, 

Foraminitermes, 
Hoplognathotermes, 
Lepidotermes, 
Megagnathotermes, 
Noditermes, Ophiotermes, 


Pericapritermes, Procubitermes, 
Promirotermes, Thoracotermes, 


Trichotermes, Unguitermes 
Cavitermes, Dentispicotermes, 
Neocapritermes, 
Orthognathotermes, 
Spicotermes, Spinitermes 
Termes 
Angulitermes 
Dicuspiditermes, Homallotermes, 
Microcapritermes, 
Procapritermes 
Capritermes 


Subfamily Macrotermitinae 
Acanthotermes, Allodontermes, 
Ancistrotermes, Protermes, 
Pseudacanthotermes, 
Sphaerotermes, 
Synacanthotermes 
a Macrotermes, Microtermes, 
Odontotermes 


Subfamily Nasutitermitinae 

Eutermellus, Mimeutermes, 
Verrucositermes 

Bulbitermes, Hirtitermes, 
Hospitalitermes, 
Lacessititermes 

Grallatotermes, Trinervitermes 

Armitermes, Constrictotermes, 
Convexitermes, Cornitermes, 
Curvitermes, Labiotermes, 
Obtusitermes, 
Paracornitermes, Parvitermes, 
Procornitermes, 
Rhynchotermes, Subulitermes, 
Syntermes, Velocitermes 

Tenuirostritermes 

Nasutitermes 


2 Also known from Tertiary fossils. 
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Distribution 


Australia 

World-wide except North 
America 

World-wide 

Australia 

North America, temperate 


Old World tropics 


New World tropics 


World-wide, in tropics 
Eurasia, Africa 
Asia 


Madagascar 


Africa 


Asia, Africa 


Africa 


Asia, New Guinea 


Asia, New Guinea, Africa 
New World tropics 


New World 
World-wide, in tropics 
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TABLE 6-3. Numbers ofknown species in the major 
groups of termites as of April 1969 (A. E. Emerson, 
personal communication). 


Living Pleistocene Tertiary Cretaceous 
Groups species species species species 


“Lower” termites 


Mastotermitidae 1 13 
Kalotermidae 292 1 10 
Hodotermitidae 30 12 1 
Rhinotermitidae 158 13 
Serritermitidae 1 


“Higher” termites 


Termitidae 
Amitermitinae 340 1 1 
Termitinae 333 1 
Macrotermitinae 263 
Nasutitermitinae 476 1 1 
TOTALS 1894 4 50 l 


Additional names in 
the literature needing 
reclassification 20 6 


GRAND TOTALS 1914 4 56 | 


Miocene age, is mostly similar at the generic level to the 
living Neotropical fauna (Emerson, 1969). An exception 
is an undescribed mastotermitid represented by an imago, 
nymphs, and the first known Tertiary soldier. The early 
Tertiary fossils offer few leads as to the place and time 
of origin of termites. Termitologists had long looked to 
the Mesozoic or beyond for traces of a truly archaic ter- 
mite fauna. Zalessky’s Uralotermes of the Russian Per- 
mian, described in 1937, seemed at first to fill the require- 
ment in a spectacular way, but it has now been taken out 
of the Isoptera and placed provisionally in the Proto- 
thoptera by Emerson (1965). F. M. Carpenter, the princi- 
pal authority on the Paleozoic insects, believes that the 
single wing on which Uralotermes was based is too in- 
complete to place it in any order, but concurs that at the 
very least it cannot be used to extend the Isoptera back 
to the Paleozoic era (personal communication). In 1967 
Emerson reported the discovery of an undoubted termite 
wing from Labrador rocks that date from the border 
between Lower and Upper Cretaceous times. This is the 
first and so far only pre-Tertiary termite fossil to come 
to light. The species, Cretatermes carpenteri, has been 
placed in a new subfamily of the Hodotermitidae. Plant 
remains associated with the fossil suggest that Cretatermes 
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b LL abd.s.10 H 2mm. ; abdt10 abds10 à D re ne - 

FIGURE 6-1. The soldier of a higher termite, Indotermes FIGURE 6-2. Mastotermes darwiniensis, the most primitive of 
maymensis (family Termitidae), showing some of the principal the living termites: (A) head and pronotum of soldier; (B) 
externa] morphological characters used in taxonomy (from imago mandibles; (C) head and pronotum of imago; (D) wings 
Roonwal, 1962a): abd. s. 1-abd. s. 10, abdominal sterna (from Gay, 1967). 


1-10, respectively; abd. t. 1-abd. t. 10, abdominal terga 1-10, 
respectively; ant., antenna; cer., cercus; md, mandible; mss., 
mesosternum; mst., mesothorax; mts., metasternum; mtt., 
metathorax; prs., prosternum; prt., prothorax; spr., spiracle; 
pmt, postmentum. 
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FIGURE 6-3. The harvester termite Hodotermes mossambicus: 
(A) alate; (B) worker; (C) soldier (from Harris, 1961, after 
W. G. H. Coaton). 


lived in a warm temperate climate, just as did the slightly 
younger Cretaceous ant Sphecomyrma. On the basis of its 
wing venation, Emerson concluded that Cretatermes is a 
fairly advanced member of the otherwise primitive family 
Hodotermitidae. He inferred from this one important 
piece of evidence that the Isoptera as a whole may date 
back to the early Mesozoic or even late Paleozoic times. 
Although this conclusion is tenuous, it may well be correct. 
At the very least, the discovery of Cretatermes does suggest 
that the termites came into being before the ants. It will 
be remembered that although Cretatermes is a relatively 
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advanced termite, Sphecomyrma is a very primitive ant, 
representative of the very transition between tiphiid wasps 
and the earliest myrmecioid ants. 

When further Cretaceous discoveries are made, they will 
probably reveal the Cretaceous termite fauna to be gen- 
erally primitive in nature. The basis for this prediction 
is that all the Eocene fossils at hand belong to primitive 
groups. Moreover, the Mastotermitidae, the most primi- 
tive known family, was world-wide in distribution and 
represented by no less than 4 genera and 13 species dur- 
ing the early and middle Tertiary period (Emerson, 1965). 
Today it is represented by only one species (Mastotermes 
darwiniensis) restricted to tropical Australia. 

A highly simplified phylogeny is presented in Figure 
6-6. As pointed out first by Nils Holmgren and amplified 
by later authors including especially Noirot (1958-1959), 
evolution in the imago caste of termites has involved 
relatively minor changes in morphology which tend, 
moreover, to be regressive in nature, but striking changes 
in behavior and social organization. The trend has been 
from small colonies that form irregular nests within the 
wood on which the termites feed to large colonies that build 
elaborate nests in the soil or branches of trees with a high 
degree of temperature and humidity control. The primi- 
tive condition is exemplified by the Kalotermitidae and 


FIGURE 6-4. Soldiers of Kalotermes flavicollis (left) and 
Zootermopsis angusticollis (right) (from Harris, 1961). 
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FIGURE 6-5. A gallery of soldier heads from various genera 
of the higher termites (family Termitidae): (1) Amitermes mes- 
sinae; (2) Microcerotermes biroi; (3) Termes odontomachus; (4) 
Cubitermes minitabundus; (5) Pericapritermes dumicola; (6) Mi- 
crotermes luteus; (7) Odontotermes montanus; (8) Cornitermes 
silvestri; (9) Nasutitermes novarum-hebridarum. The diversity of 
head and mandible forms is associated with differences in de- 
fensive behavior (from Harris, 1961). 


primitive Hodotermitidae and Rhinotermitidae; the most 
advanced state, by certain elements of the Hodotermitidae 
and Rhinotermitidae as well as by all of the Termitidae. 
Once the more specialized termites liberated themselves 
in this fashion from life within large masses of wood, they 
were able to penetrate the widest variety of habitats and 
exploit nearly every conceivable cellulose source, includ- 
ing grass, seeds, leaf litter, and humus as well as live and 
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decaying wood. The adaptive radiation that ensued was 
mostly accomplished by two families, the Hodotermitidae 
and Termitidae. A more exact picture of the kinds of 
changes, and their magnitude, that have occurred in 
the transition from the most primitive to the most ad- 
vanced termites can be gained from the list presented in 
Table 6-4, 

Most of the history of termite taxonomy is recent. In 
1858 Hagen listed only 60 species, and in 1904 Desneux 
still listed only 343 in the Genera Insectorum. The current 
classification is in sound condition, evidently better than 
for any other group of social insects because of the activity 
of an exceptionally large and able group of taxonomists 
whose work dates almost entirely from 1900: M. Ahmad, 
J. H. Calaby, W. G. H. Coaton, J. Desneux, A. E. Emer- 
son, W. W. Froggatt, F. J. Gay, P.-P. Grassé, W. V. Harris, 
G. D. Haviland, G. F. Hill, N. Holmgren, N. A. Kemner, 
K. Krishna, M. L. Roonwal, W. A. Sands, F. Silvestri, 
Y. Sjöstedt, T. E. Snyder, E. Wasmann, H. Weidner, and 
others. Some indication of the completeness of their work 
is seen in the fact that the last new termite species to be 
described from the United States was Incisitermes milleri 
(Emerson), discovered in the Florida Keys in 1941. New 
species, and even new genera, continue to turn up in the 
tropics, but the rate has dropped in recent years (Roonwal, 
1962). Emerson (personal communication) believes that 
very few genera remain to be discovered in the world. A 
superb collection of the world fauna has been gathered 
at the American Museum of Natural History largely 
through the efforts of Emerson. By 1968 it contained 1,745 
named species, or about 92 percent of the known living 
world fauna. No less than 80 percent of the named species 
of the world were represented by primary type specimens. 
A catalog of the termites of the world was published by 
Snyder in 1949 and updated by Roonwal in 1962. Snyder 
has also published a bibliography of termite literature in 
three parts, complete to 1965. Ahmad (1950) and Emerson 
(1965, 1969) have reviewed the phylogeny, Emerson 
(1955) the zoogeography, and Roonwal (1962) the history 
of the taxonomy of the world fauna. Using these key 
works as an entrée, it is fairly simple to find one’s way 
through the taxonomic literature and, given a modest 
amount of time, to identify termites from almost any part 
of the world. Finally, a comprehensive review of many 
aspects of termite biology has been presented in the 
treatise edited by K. Krishna and Frances M. Weesner 
(1969, 1970) and the popular book by Howse (1970). 


Chapter 6 


TERMITIDAE 


loss of symbiotic 
flagellates 


well defined worker caste 


RHINOTERMITIDAE 


fontane ile 
loss of lor2 
tarsal segments 


HODOTERMITIDAE 


extreme, 
falcate 
wor ker- 
imago 
mandibles 


eggs laid singly 
subsidiary mandibular 
tooth 

loss of anal lobe & ocelli 


eusocial behavior 
deciduous wings, 
castes 


(TERMITES) 
(ROACHES) 


SERRITERMITIDAE 


MASTOTERMITIDAE 


CRYPTOCERCIDAE 
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KALOTERMITIDAE 


loss of second tarsal segment 
loss of anal lobe 
eggs laid singly 


flagellate genus 
Metadevescovina 

loss of second tooth of 
left mandible 


loss of wings 
a 


symbiotic flagellates 


PRIMITIVE BLATTOID ROACHES 


eggs laid in pods 
5 tarsal segments 


un hwy = 


nonsocial 


ocelli well developed 
anal lobe in hind wing 


FIGURE 6-6. A simple branching phylogenetic diagram (cladogram) that expresses current 
opinion on the origin of the termites and the relationships of the termite families. Some of the 
more important characters involved in the evolutionary divergences are also shown (based 

chiefly on Imms, 1919; Ahmad, 1950; and Emerson, 1955, 1965, 1967, and personal communi- 


cation). 


The lower termites can be cultured and studied in the 
laboratory with surprising ease. This is especially true 
of the wood-eating species that form small or medium- 
sized colonies. By sandwiching strips of wood or paper 
between plates of glass, the lateral walls of the nest and 
the termites’ food are made one and the same; then, by 
making the thickness of the material just exceed that of 
the largest colony member, the behavior of the colony can 
be studied in what is effectively two dimensions. Stock 
cultures require little care. For years the late L. R. Cleve- 


land kept a flourishing colony of Cryptotermes in a block 
of wood in a bottle sitting in his office, with no special 
attention. Higher termites, especially those with huge 
colony populations and complex caste systems and nest 
architecture, are much more difficult to maintain. But it 
can be done well enough to conduct behavioral studies, 
as Grassé, Noirot, Skaife, and other students of the Afri- 
can fauna have repeatedly shown. An excellent general 


account of culturing techniques has been given recently 
by Becker (1969). 
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TABLE 6-4. Characters showing evolutionary change within termites. These changes have occurred at various places in 
termite evolution; the timing of some is indicated in Figure 6-6 (based on Emerson, 1962). 


Characters showing advance 


Primitive condition 


Derivative condition 


BEHAVIORAL-PHYSIOLOGICAL 


Small numbers in the mature 
colony 


Excavated nests with little 
construction 


Relatively little care of eggs, 
nymphs, and adults 


Food not stored 


Nutritive dependence upon 
symbiotic intestinal flagellates 


Damp-wood eaters 
Wood eaters 

Wood eaters 

No fungus gardens 

Few or no termitophiles 


Workers forage only within 
excavated tunnels in wood 


Large numbers in the mature 
colony 


Elaborately constructed carton 
nests 


Relatively great care of eggs, 
nymphs, and adults 


Food stored 

Nutritive independence from 
symbiotic intestinal flagellates 

Dry-wood eaters 

Leaf and grass eaters 

Humus eaters 

Fungus gardens 


Termitophiles, often species- 
specific and highly modified 

Workers forage outside nest, 
sometimes in covered tunnels 
and sometimes on exposed 
odor trails 


REPRODUCTIVE CASTES 


Small abdomen of queen with 
small ovaries and glandular 
tissue 


Capacity to produce substitute 
(neoteinic) kings and queens 


Frontal gland absent 
Front coxae smooth 


Large abdomen of queen with 
large ovaries and glandular 
tissue 

Reproduction confined to 
primary reproductive caste 
(imago) 

Frontal gland present 

Front coxae with ridge or 
projection 


WORKERS 


Only ergatoid immatures present 


True worker caste present 


SOLDIERS 


Head elongate, large, smooth, 
somewhat flattened, with 
large, curved, and toothed 
biting mandibles 


Mandibles with smooth cutting 
edges or with reduced teeth 


Pronotum wide, flatly convex, 
and with smooth edges 


Front coxa smooth 


Head round, or extremely flat, 
or phragmotic; surface rough 
or with ridges and projections; 
mandibles elongate and thin, 
or twisted for snapping, or with 
projection for frontal gland 

Mandibles with serrated cutting 
edges 

Pronotum narrow, saddle-shaped 
and sometimes with serrated 
edges 

Front coxa with ridge or 
projection 


Characters showing regression 


Primitive condition 


Derivative condition 


IMAGOES (PRIMARY REPRODUCTIVES) 


Y-suture of head present 


Two well-developed ocelli present 


Antennae with numerous 
segments 


Mandibles with 2 or 3 prominent 
marginal teeth with sharp basal 
notches 


Five tarsal joints present 


Arolium present between tarsal 
claws 


Cerci with numerous segments 
(up to 8) 


Styli present 
Egg mass in cluster 


Genitalia similar and clearly 
homologous to those of 
cockroaches 


Hind wing with anal lobe 


Pronotum wide and flat 


Y-suture of head reduced or 
absent 


Ocelli reduced or absent 


Antennae with fewer segments 


Mandibles with reduced teeth 
and notches 


Second tarsal joint reduced or 
absent 


Arolium absent 


Cerci reduced, usually with 
2 segments 


Styli absent 
Eggs laid separately 


Genitalia reduced or absent 


Hind wing without anal lobe 


Pronotum narrow and 
saddle-shaped 


WORKERS 


Compound eyes faceted and 
pigmented 


Mandibles as in primitive 
imagoes 


Compound eyes reduced or 
absent 


Mandibles as in derivative 
imagoes 


SOLDIERS 


Antennae with many segments 
(up to 29) 


Compound eyes pigmented and 
faceted 


Ocellus spot present 


Mandibles with 2 or 3 large 
marginal teeth 


Soldiers present 


Antennae with fewer segments 
(as few as 10) 


Compound eyes unpigmented, 
or nonfaceted or even absent 


Ocellus spot absent 


Mandibles with reduced 
marginal teeth 


Soldiers absent 


II — …—…—…—…—…——… …—— …—…—…—…—…—…—…—…— nn 
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The Natural History of the Most Primitive 
Living Termite, Mastotermes darwiniensis 


The sole surviving species of the once world-wide 
Mastotermitidae, Mastotermes darwiniensis, is found over 
most of the northern half of Australia. In some ways it 
behaves most strangely for such an ancient relic. Accord- 
ing to Hill (1942) and Ratcliffe, Gay, and Greaves (1952), 
it is the most destructive termite species in Australia and 
the most destructive insect of any kind in the northern 
part of the continent. The colonies, which nest in the soil, 
are immense, the largest containing over 1 million indi- 
viduals. The diet of M. darwiniensis is the most catholic 
of any known termite; one might even say it resembles 
that of the cockroach. Workers have been observed at- 
tacking poles, fences, wooden buildings, wharves, bridges, 
oil-soaked wood, living trees, crop plants, wool, horn, 
ivory, vegetables, paper, hay, leather, rubber, sugar, flour, 
bagged salt, human and animal excrement, billiard balls, 
and the plastic lining of electric cables. Unattended 
homesteads in the outback have been reduced to dust in 
only two or three years—house, fences, and all. Colonies 
of M. darwiniensis occupy many kinds of nest sites through 
a wide range of habitats, and they are able to excavate 
rapidly in both soil and wood. Their subterranean nests, 
which are often fragmented and connected by covered 
passageways constructed on the surface of the ground, are 
difficult to detect. The galleries run outward for as much 
as 100 m or more from the nest. Most are shallow, ex- 
tending no more than 40 cm below the surface. One 
gallery system, however, was uncovered by quarrying 
operations at a depth of 4 m. 

Considering its phylogenetic position and economic 
importance, surprisingly little is known concerning the 
biology of M. darwiniensis, including the most basic facts 
of the life cycle. One curious fact is that the primary 
reproductives are rare. Multiple supplementary repro- 
ductives appear to be the rule, and colony multiplication 
is often by budding. When groups of nymphs are detached 
from the main colony, they are able to develop neoteinics 
from nymphal forms, which then take over the repro- 
ductive function. Eggs are laid in packets of about 20 each, 
in a form reminiscent of the roach ootheca. According to 
Hill (1942), nuptial flights occur regularly, but their rela- 
tive contribution to the formation of new colonies is 
unknown. 
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Natural History of the Lower. Termites of 
the Family Kalotermitidae 


The species of the family Kalotermitidae are referred 
to as the dry wood termites. (Members of the hodotermitid 
subfamilies Termopsinae, Stolotermitinae, and Poro- 
termitinae are loosely referred to as the damp wood ter- 
mites, and the living Hodotermitinae are called harvester 
termites.) They are limited almost exclusively to dead, dry 
wood and possess muscular recta that pass hard, dry fecal 
pellets. The kalotermitids are regarded as comparatively 
primitive in both their social and morphological features. 
They appear to have evolved from a mastotermitid base 
and are not considered by taxonomists to be ancestral to 
any other known termite family (Emerson, 1969). Their 
colonies, which rarely contain more than a few hundred 
individuals, live in ill-defined galleries inside the wood on 
which they feed. The termites rely on an intestinal flagel- 
late fauna to digest the wood and do not utilize symbiotic 
fungi or store food. When the primary queens and males 
are lost, they are quickly replaced by secondary “neo- 
teinics” that transform in one molt from a labile, worker- 
like caste called pseudergates. When present, the primary 
reproductives prevent the transformation of pseudergates 
by means of inhibitory pheromones passed out of their 
anuses (see Chapter 10). Soldier inhibition also occurs, but 
the physiological basis is not yet known. The exchange 
of oral and anal liquids, as well as integumentary exu- 
dates, occurs very frequently among all members of the 
colony. Anal exchange is essential to the transmission of 
flagellates to young nymphs and newly molted individuals 
of all ages. 

Kalotermes is the best known genus of the Kalotermit- 
idae. It is considered relatively primitive within the family 
on the basis of, first, the wing venation of its primary 
reproductives (specifically, the median is midway between 
the cubitus and the radial sector) and, second, the elongate 
shape of the heads of its soldier. Along with several other 
kalotermitid genera, it is represented in European fossil 
deposits of Eocene to Miocene age. Eighteen living and 
six fossil species had been described by 1969, taking into 
account some additions and subtractions subsequent to 
the revision of the Kalotermitidae by Krishna in 1961. The 
living species represent every zoogeographic region in the 
world. Because they are abundant in the North Temperate 
Zone and easy to culture in artificial nests, the species of 
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Kalotermes have been favorite subjects for experimental 
studies on physiology and behavior (Chapter 10). 

Incisitermes minor, a member of related genus common 
in the southern and western United States, has a life cycle 
typical of the family (Harvey, 1934). In California the 
alate reproductives swarm during the day, as their dark 
body color might indicate, from the latter part of Septem- 
ber to early May. The optimal weather conditions are 
brilliant sunlight from a cloudless sky and temperatures 
over 80°F (27°C). Harvey’s description of the emergence 
behavior can be taken as typical of the genus and, with 
certain modifications, of termites in general (see the review 
by Nutting, 1969): 


Let us follow the course of events in an infested pole top. The 
alates are mature, the temperature is 95°F, it is midday, with 
brilliant sunshine. When a chip is removed from the outer shell 
of the pole, exposing the termites, their activity is not unlike 
that in a hive of bees. This is in marked contrast to the actions 
of the individuals in the colony at other periods of the year, 
when they are consistently quiet and plodding. Now, however, 
the nymphs are highly excited. They run about almost hysteri- 
cally, with antennae nervously flashing back and forth. The 
soldiers are as much wrought up as are the nymphs; in fact, 
they have more the appearance of doing something than at any 
other time of the year. With legs wide apart and claws attached 
to the spongy wood of the exposed passageway, they flash their 
antennae back and forth, and are apparently ready to attack 
anything that may come near. Agitation appears to be most 
acute near an emergence hole, an opening about %, inch in 
diameter in the shell of infested wood near the top of the 
experimental pole. . . Apparently, the nymphs made this opening 
to be used as an exit by the alates, because if a chip of wood 
is removed near a hole of this nature a group of much disturbed 
nymphs and soldiers will be exposed and some of the alates 
that appear to be grouped near the opening escape . . . In fact, 
the impression is gained that the nymphs and, in particular, the 
soldiers are covering and protecting, if not actually assisting, 
the emergence of the alates. The soldiers appear to regulate the 
exit of the alates, determining the number that emerge at any 
one time, the recurrent cyclic emergence of alates, and the time 
of emergence during the day. It should be stated, however, that 
recent evidence indicates that the alates themselves aid in dig- 
ging an aperture for swarming. 


The alates leave quickly after emergence, and their 
flight is aimless and wavering. The majority, however, 
manage to ascend 70 m or more and to fly for distances 
of at least 100 m and perhaps as much as a kilometer from 
the parental nest. As soon as it alights the alate breaks 
off its wings by quickly spreading and lowering the wings 
until their tips touch the ground, then pivoting back and 
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forth to bring pressure on the wings at the basal sutures. 
Now the “dealate” runs excitedly in apparently random 
directions until a member of the opposite sex is encoun- 
tered. The two individuals stop abruptly, turn face to face, 
and play their antennae over each other’s heads. 

The king makes advances toward the queen, the queen striking 
at the king with her head. After four or five such overtures, each 
of which is followed by a pause during which the termites stand 
facing each other with their antennae fanning slowly, the king 
is accepted or rejected. If he is rejected the queen turns and 
runs quickly away and the king goes in the opposite direction. 
If, however, the king is accepted, the queen turns quickly and 
speeds away, with the king in close pursuit . . . Although the 
queen runs rapidly, the king keeps close to her and, when they 
become separated as occasionally happens, the king rapidly 
regains contact with her... After pairing has been accom- 
plished, separation seldom occurs. It is usually difficult to 
frighten members of a pair away from each other, and it appears 
that they seldom, if ever, leave one another for other mates, 
even though a number of unpaired termites are near (Harvey, 
1934). 


This sequence of dealation, pairing, and tandem run- 
ning is universal in the termites. In some groups, the 
tropical genus Nasutitermes, for example, the queens stand 
still for the most part and “call” males by means of sex 
pheromones released from intersegmental glands located 
on the abdominal] dorsum. After pairing, the royal couple 
of Incisitermes minor undergo a radical change in behav- 
ior. During the nuptial flight and search for mates, the 
termites are attracted to light. As soon as they pair, how- 
ever, they are repelled by light and become strongly at- 
tracted to wood. When they find a suitable spot, they 
begin excavating in the wood, alternating shifts, until they 
complete an entrance tunnel about a centimeter deep. The 
entrance hole is then sealed off with a putty-like mixture 
of chewed wood and cement-like secretion. Finally, the 
pair constructs its first royal cell, a small pear-shaped 
chamber at the bottom of the entrance tunnel. 

When the royal cell has been finished, the queen lays 
from two to five eggs. Soon after hatching from these eggs, 
the fragile, chalk white nymphs are fed by regurgitation 
and, after one or more molts, set about feeding themselves 
and enlarging the nest. The two activities are, in fact, the 
same thing! The royal pair stay in the advanced part of 
the main passage, while the nymphs dig out enlarged 
feeding chambers and side tunnels. By the end of the 
second year the young colony has consumed about 3 cm? 
of wood. It consists of the royal pair, a single soldier, and 
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ten or more pseudergates and nymphs. About a year is 
required for each soldier to develop from an egg to the 
mature form. The queen’s abdomen begins to swell in two 
years, but the king looks about the same or, if anything, 
somewhat shrunken in size. After several more years alates 
are produced, and the colony is now referred to as being 
in a “mature” condition. The queen’s fecundity increases 
steadily until she is about ten or twelve years old; then 
it begins to decline, apparently at a rapid rate. About this 
time one or more secondary queens appear and take over 
oviposition. The estimated growth of an average colony 
is given in Table 6-5. The average longevity of colonies 
has not been measured. The potential longevity, on the 
other hand, is evidently unlimited due to the capacity of 
the colony to generate secondary reproductives whenever 
needed. 


Natural History of the Higher Termites 
(Family Termitidae) 


Sometime, perhaps in late Mesozoic or early Tertiary 
times, the Termitidae, or “higher” termites, originated 
from rhinotermitid ancestors and began a spectacular 
adaptive radiation. Although fossils of the lower termite 
families are not uncommon in temperate Eocene and 
Oligocene deposits, the earliest termitid fossil is an un- 
described Nasutitermes from the Miocene of Mexico. 
Emerson (1955) would put the origin of the Termitidae 
as no later than early Cretaceous times, on the grounds 
that the family reached South America and radiated there 
no later than the Tertiary period, during which time the 
continent was isolated by the Panamanian water gap. I 
am more inclined to trust the evidence of the fossil record, 
even if this evidence is largely negative and it means 
granting to the early termites the ability to cross principal 
water gaps. It should be kept in mind that a few modern 
termite genera, such as Rugitermes (Kalotermitidae) and 
Prorhinotermes (Rhinotermitidae), display considerable 
capacity for overseas dispersal. Today the Termitidae 
make up the bulk of the world termite fauna. Of the 1,894 
living species of termites that could be assigned to a genus 
in early 1969, 1,412 or 75 percent belonged to the Ter- 
mitidae (Emerson, 1955). This same family also included 
153 of the 210 living termite genera. The termitids are 
heavily concentrated in the tropics: about 85 percent of 
the species known in 1955 occur in the three principal 
tropical zoogeographic regions (Oriental, Ethiopian, Neo- 
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TABLE 6-5. Estimated average numbers of individuals 
of the principal castes in colonies of various kinds in 
Incisitermes minor (after Harvey, 1934). 


Age of Pseudergates 
colony (years) Reproductives Soldiers and nymphs 

1 Primaries 0 0 

2 Primaries 1 12 

3 Primaries 3 50 

4 Primaries 10 200 

5 Primaries 20 500 

6 Primaries 30 700 

7 Primaries 40 1000 

8 Primaries; possibly one 50 1200 
or more supplementaries 

9 Primaries; possibly one 60 1400 
or more supplementaries 

10 Primaries; possibly one 70 1600 
or more supplementaries 

11 Primaries; possibly one 80 1800 
or more supplementaries 

12 Primaries; possibly one 90 2000 
or more supplementaries 

13 Primaries; possibly one 100 2200 
or more supplementaries 

14 Primaries; possibly one 100 2400 
or more supplementaries 

15 Primaries; possibly one 120 2600 


or more supplementaries 


tropical), while only 13 and 17 species were recorded from 
the Palaearctic and Nearctic regions, respectively. Africa 
south of the Sahara contained 66 genera, 55 of which are 
endemic, and 626 species. 

The majority of termitids are soil dwellers and respon- 
sible for most of the elaborately structured mounds that 
are such a conspicuous feature of the tropical landscape. 
Various of their species have specialized on virtually every 
conceivable cellulose source. To reach this food, workers 
extend galleries through the soil, or construct covered 
trailways over the surface of the ground, or even march 
in columns over exposed odor trails. 

The living subfamilies of the Termitidae cannot be 
arranged in a linear order that exactly reflects phylogeny. 
After emerging from the ancestral stock, evidently the 
most primitive Amitermitinae, each has followed a very 
different course in evolution. The presence of a subsidiary 
tooth in some of the primitive genera of the Macrotermit- 
inae and in the Indomalayan amitermitine genus Proto- 
hamitermes supports the notion that the subfamilies had 
a common origin from the Rhinotermitidae, and it is 
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possible to construct a plausible phylogenetic cladogram 
connecting the genera within each of the subfamilies 
(Ahmad, 1950). Otherwise, the most striking single feature 
that joins all known termitids is the absence of a poly- 
mastigote-hypermastigote intestinal flora and the de- 
pendence instead on spirochete bacteria for digestion of 
cellulose (Cleveland, 1926). The inferred evolution of the 
termite-microorganism symbiosis is summarized in Figure 
6-7. 

As an example of a relatively unspecialized termitid, 
we can take Amitermes hastatus (= A. atlanticus), which 
has been studied in detail by Skaife (1954a,b, 1955). The 
species occurs in South Africa, in the mountains of the 
southwest Cape at elevations from about 100 to 1,000 m 
above sea level. It nests in the sandy soil of the natural 
veld, throwing up conspicuous hemispherical or conical 
mounds constructed of a black soil-excrement mixture. In 
the late summer months of February and March large 
numbers of white nymphs with wing pads are to be found 
in the larger nests. By the end of March, or April at the 
latest, these individuals transform into alate reproductives. 
For several weeks the alates wander slowly through the 
nest. Then, soon after the onset of the autumn rains, the 
nuptial flight occurs. One day between 11 o’clock in the 
morning and 4 o’clock in the afternoon, immediately after 
a ground-soaking rain and with the temperature rising, 
the exodus begins. The workers first excavate large num- 
bers of tightly grouped exit holes, each about 2 mm in 
diameter, giving the apex of the mound the appearance 
of a coarse sieve. True to the pattern of most termite 
species, this is the only time the workers breach the walls 
of their nest and expose themselves to the outside air. 
Workers, soldiers, and alates boil out of the holes in a state 
of intense excitement, the alates fly off almost immedi- 
ately, and within three or four minutes the termites retreat 
back down into the nest, plugging the exit holes after 
them. Most, but not all, of the alates leave in this first 
flight. A few remain behind to participate in later depar- 
tures. The alates are feeble flyers; many do not travel more 
than 50 or 60 m from the nest before alighting. As soon 
as they land they break off their wings at the basal fracture 
line by swiftly pressing the wing tips to the ground. The 
subsequent pairing and nest-founding behavior follows 
the sequence basic to termites generally, but differs in 
certain details from that already described in Incisitermes: 


In the meantime, other females and males have settled on the 
ground and herbage in the vicinity and dropped their wings, 
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and they run about, the females with the tip of the abdomen 
raised and the males obviously seeking eagerly. It is believed 
that the females give off a scent that attracts the males, but this 
is not perceptible to our sense of smell. If a seeking male is 
watched closely he will be seen to run a devious course but in 
the general direction of a female near him, until he touches 
her with his antennae. The pair then line up, tandem fashion, 
with her in front and him close behind, touching the tip of her 
abdomen with his antennae, and they move off together to seek 
for their new home. If, while they are running in this way, the 
male is held down with a matchstick, she will stop after going 
a short way and wait for him to catch up with her again. If 
two pairs are guided so that their paths cross, it is easy to 
manoeuvre a change in partners—the males do not mind what 
females they follow and the females also are indifferent; any 
partner will do so long as it is of the opposite sex. Copulation 
does not take place at this stage. 


Having found a suitable stone or half-buried piece of wood, 
the female begins to burrow and he may or may not help. In 
any case, by far the greater part of the digging is done by her 
and she soon sinks a shaft beside the stone or wood and the 
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FIGURE 6-7. Simplified branching phylogenetic diagram of 
the termites and their immediate relatives among the cock- 
roaches, in relation to the evolution of symbiosis with proto- 
zoans, bacteria, and fungi (based on Grassé and Noirot, 1959, 
with some minor alterations in the classification and phylogeny 
of the termites and cockroaches). 
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FIGURE 6-8. The growth of a typical mound of the South 
African termitid Amitermes hastatus, over a period of nine 
years. Each successive year’s growth is indicated by a number. 
Representative outer and inner cells are shown at the top of the 
mound. There is no royal cell (redrawn from Skaife, 1954a). 


two of them disappear into it. An inch or so below the surface 
a small chamber about a half inch in diameter is hollowed out, 
and here the pair take up their abode, blocking the tunnel with 
soil removed in making the chamber. They remain almost 
motionless in this chamber all through the winter and I do not 
think that copulation takes place until the arrival of warmer 
weather in the spring (Skaife, 1952). 


In the spring months of October and November the 
queen lays the first five or six eggs. The individuals of 
the first brood develop into stunted workers. In later 
broods, soldiers make their appearance, and, after four 
years, alate reproductives are finally produced. The 
growth of a typical nest is shown in Figure 6-8. Skaife 
has estimated the age of some mounds of Amitermes 
hastatus to be greater than 15 years, but, judging strictly 
from the size of the mounds, he did not believe any to 
be more than 25 years old. This mortal state of individual 
colonies, if true, is an unexpected feature because pre- 
sumably the colonies are capable of producing secondary 
reproductives when the queen dies. When the primary 
queen does fail, the workers put her to death, evidently 
by licking her abrasively. As Skaife describes it, “She is 
surrounded by a crowd of workers, all with their mouth- 
parts applied to her skin, and this goes on for three or 
four days, her body slowly shrinking until no more than 
the shrivelled skin is left.” Secondary and tertiary queens 
do appear in the absence of the queen—at least sometimes 
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(see Figures 6-9 and 6-10). Skaife, however, was unable 
to rear them in queenless colonies kept in artificial nests, 
and he found that only about 20 percent of the natural 
mounds contained them. Clearly, then, either the supple- 
mentary reproductives appear rarely or only under special 
conditions, or else those colonies that possess them are 
relatively short lived. 

We now turn to a socially more advanced group of the 
Termitidae. If one had to identify the apex of termite 
evolution, it would surely have to be the fungus-growing 
termites of the subfamily Macrotermitinae. The excrement 


FIGURE 6-9. The five castes that make up the colonies of 
Amitermes hastatus, all drawn to the same scale: (a) worker; (b) 
soldier; (c) primary queen, about five years old, with greatly 
swollen abdomen; (d) secondary queen; (e) tertiary queen; (f) 
egg. The worker is about 5 mm long (after Skaife, 1954a). 
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of these insects is built into fungus combs, which occupy 
special gardens in the centers of the nests in large com- 
partments. The combs are often shaped into round forms 
resembling brains or sponges, with numerous convoluted 
ridges and tunnels evidently designed to give the maxi- 
mum surface for growth. The basidiomycete fungus, Ter- 
mitomyces, sprouts round white spherules out from the 
substratum, but these are not especially favored as food 
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bodies. Instead, the termites consume everything in the 
comb: substratum, mycelia, spherules, and all. It is a 
curious fact, possibly coincidental, that the macrotermi- 
tines are limited to the Old World tropics, and are con- 
centrated in Africa and southeastern Asia in particular, 
whereas the attine ants, the only other group of social 
insects that cultivate special symbiotic fungi, are limited 
to the New World tropics and warm temperate regions. 


FIGURE 6-10. The interior of a typical nest of Amitermes hastatus of South Africa. The primary queen and male sit side by side in 
the middle cell (there is no specially constructed royal cell). To the lower left can be seen a secondary queen, which is also functional 
in this case. In the chamber at top center are found reproductive nymphs, characterized by their partially developed wings. Workers 
attend the queens and are especially attracted to the heads, to which they offer regurgitated food at frequent intervals. Other workers 
care for the numerous eggs. A soldier and presoldier (nymphal soldier stage) are seen in the lower right chamber, while worker larvae 
in various stages of development are found scattered through most of the chambers (original drawing by Sarah Landry; based on 


sketches and photographs by S. H. Skaife). 
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The exact role of the Termitomyces in macrotermitine 
biology has been the subject of controversy since Kônig 
and Smeathman discovered the fungus in the eighteenth 
century. Lüscher (1951) crystallized the problem when he 
succeeded in rearing young colonies of Pseudacantho- 
termes spiniger with sterile combs. He then questioned 
whether the fungi are obligate symbionts of this species. 
Later (1961a), he suggested that the fungus gardens of at 
least some macrotermitines function not as food but rather 
as part of the ventilation system of the big nests by pro- 
viding some of the heat needed for convection. Sands 
(1960) reared colonies of a second macrotermitine species, 
Ancistrotermes guineensis, with sterile combs. He con- 
cluded that the royal couple do not carry basidiospores 
into the copularium with them during nest founding; 
rather, workers somehow seem to pick up the spores from 
the ground around the nest during the first foraging trips 
and inoculate the beds in the young nest. Further doubt 
concerning the nutritive role of the Termitomyces came 
from the apparent fact that the fungal bodies themselves 
are not numerous enough to provide all of the food 
needed for the colony. Finally, there is even one macro- 
termitine species, Sphaerotermes sphaerothorax, which 
constructs “fungus gardens,” but does not raise fungi on 
them (Grassé and Noirot, 1948). 

Nevertheless, further evidence has simultaneously come 
to hand which indicates the opposite quite strongly, 
namely, that Termitomyces is an important nutritive 
.Symbiont for some of the macrotermitine species. First, 
there is the circumstance that Termitomyces is known only 
from macrotermitine nests. Also, the only fungi that grow 
in the nests while termites are present are Termitomyces 
and a common ascomycete species of the genus Xylaria. 
This virtual one-to-one relation parallels that between the 
attine ants and their peculiar fungi, which are known to 
be nutritive symbionts. It seems to be an even more exact 
relation than that found in the Attini, in that each macro- 
termitine appears to have its own species of Termitomyces. 
Kalshoven (1936) and Grassé and Noirot (1958a) reported 
that Macrotermes, Microtermes, and Odontotermes con- 
stantly eat the old portions of the combs while adding new 
material to other parts. Microscopic examination of 
Macrotermes worker gut contents by Grassé and Noirot 
indicated that the fungi serve to degrade the lignin and 
to expose the minute fragments of cellulose for quicker 
digestion by the intestinal bacterial flora. Sands (1956), 
in the most informative experiment of all, demonstrated 
that laboratory colonies of Odontotermes badius provided 
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only with sterile fungus beds cannot survive. Later (1960, 
1969), he analyzed the evolution of fungus growing within 
the Macrotermitinae and arrived at a new conception 
which is, in my opinion, the key to understanding the 
conflicting evidence on the subject. As Sands points out, 
the structure and size of the fungus gardens vary greatly 
within the Macrotermitinae. The more primitive genera 
such as Pseudacanthotermes and Acanthotermes produce 
combs of a dense, more homogeneous texture than in the 
rest of the subfamily; they are organized into simple 
convoluted lamellae rather than the complex sponge-like 
structure made by Macrotermes, Odontotermes, and other 
genera. The fungus combs of the lower genera resemble 
the fecal cartons produced by the Rhinotermitidae, the 
presumptive ancestors of the macrotermitines and other 
Termitidae. In particular, the comb of Pseudacanthotermes 
resembles closely the soft carton built by species of the 
mound-building rhinotermitid genus Coptotermes. It is 
therefore quite plausible that the fungus-growing habit 
originated by accidental growth of Termitomyces-like fungi 
on soft cartons of primitive macrotermitines not far re- 
moved from Pseudacanthotermes, that the dependence of 
Pseudacanthotermes on its fungus is not a close one, and 
that only when the fungus gardens became more complex 
during the origin of the higher Macrotermitinae did the 
mutualism become obligatory on the termites. The sim- 
plification of the gardens in Microtermes and Sphaero- 
termes, and the outright loss of the fungus in the latter 
genus, can be regarded as secondary evolutionary reduc- 
tions. This idea can be tested only by a much more inten- 
sive study of macrotermitine biology, which is still char- 
acterized, as Noirot (1958-1959) has put it, by a “poverty 
of information and an almost complete absence of precise 
data and well conducted experiments.” 

Even more remarkable than the phenomenon of fungus 
growing is the size and complexity of the nests constructed 
by the macrotermitines. Figures 6-11 and 6-12 show the 
growth and ultimate size of nests made by two of the more 
spectacular species of Africa. We will return to a consid- 
eration of the meaning of the various details of this par- 
ticular nest form in Chapter 16. 

A vast number of individuals are required to produce 
these prodigious structures. A single mature Macrotermes 
natalensis nest contains approximately 2 million living 
individuals at any given time. The primary queen of this 
species, according to Fenton (1952), lives for an average 
of ten years. She lays about 30,000 eggs per day, or 10 
million per year, for a total of something like 100 million 
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in her lifetime. Perhaps these estimates are imprecise, as 
Nutting has recently argued (1969). Paulette Bodot (1964) 
found that egg production by Cubitermes is subject to 
seasonal variation, being greatest toward the end of the 
lesser rainy season. But it seems certain that the lifetime 
production of the primary queen is at least in the tens of 
millions, and the higher figures do not seem at all fantas- 
tic. The activity around the primary queen is intense, with 


© parecium … à 


‘royal cell 


outer nest wall 


royal cell 


supporting 
pillar © 


FIGURE 6-11. Development of the nest of the African 
fungus-growing termite Macrotermes (Bellicositermes) belli- 
cosus: (1) “copularium,” or first chamber made in the soil by 
the royal couple; (2, 3) intermediate stages of development; (4) 
fully developed nest. The wall (id.) of the fungus garden (idio- 
thèque of Grassé and Noirot) surrounds numerous chambers 
that contain masses of finely chewed wood that are used as 
substrate for the fungus; the parecium ( paraécie) is the air 
space surrounding the fungus garden (redrawn from Grassé 
and Noirot, 1958c). 
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FIGURE 6-12. Cross section of a nest of Macrotermes belli- 
cosus in Africa. The figure of a man has been added to indicate 
the great size of the nest, which had a diameter of about 30 m 
(modified from Grassé and Noirot, 1961). 


dozens of workers constantly licking her body, feeding her 
with regurgitated salivary secretions, and taking away her 
eggs as quickly as they are laid. Nor is Macrotermes the 
most productive of all termites. The record is held by a 
queen of the macrotermitine Odontotermes obesus, ob- 
served by Roonwal (1962b) to lay 86,400 eggs in a single 
day. 


The Origin of Social Behavior in Termites 


The termites possess two unique qualities which to- 
gether provide the clue to their social beginnings: they 
are the only eusocial insects that do not belong to the 
order Hymenoptera; and, along with the closely related 
cryptocercid cockroaches, they are the only wood-eating 
insects that depend on symbiotic intestinal flagellates. As 
first pointed out by L. R. Cleveland (in Cleveland et al., 
1934), the two phenomena are probably causally related. 
The flagellates are passed from old to young individuals 
by anal feeding, an arrangement that necessitates at least 
a low order of social behavior. Cleveland postulated that 
termite societies started as feeding communities bound by 
the necessity of exchanging flagellates and, in a sequence 
that is the reverse of hymenopteran social evolution, only 
later evolved social care of the brood. It is not theoretically 
necessary to the origin of eusociality for sibs to be un- 
usually closely bound by kinship in the hymenopteran 
manner. Williams and Williams (1957), in an extension 
of the Wright theory of group selection (1945), demon- 
strated that eusocial behavior, including the formation of 
sterile, altruistic castes, can evolve in such insects if com- 
petition between groups of sibs is intense enough. The 
point is that only the termites have gone this far; we should 
regard their achievement as especially noteworthy and 
continue to reflect on the special conditions that have 
made it possible. 


7 The Presocial Insects 


The evolutionary roads of presociality have been trav- 
eled by many kinds of arthropods besides the hymenopter- 
ans and termites. Time and again phyletic lines have 
pressed most of the way to eusociality, in some cases to 
the very threshold, and then unaccountably stopped. This 
chapter will describe the most advanced cases of presocial 
behavior, the evolutionary steps that have led to them. 
and the special environmental circumstances under which 
they seem to have arisen. 

In a frequently quoted passage in his book Social Life 
among the Insects (1923), Wheeler stated that “social 
organization” has arisen on at least 24 separate occasions 
in nearly as many families and subfamilies belonging to 
5 different orders of insects. By the time The Social Insects 
was published, in 1928, the count had risen to 30. Today 
the number is much higher and continues to climb, but 
the larger it becomes the less it seems a matter of great 
significance. For Wheeler was including all cases of pa- 
rental behavior, extending from the slightest protection 
given to the newly hatched young to the most sophis- 
ticated forms of interaction. He defined as an insect society 
any “family consisting of two parental insects and their 
offspring or at least of the fecundated mother and her 
offspring” in which “the two generations live together in 
more or less intimate, cooperative affiliation.” Over the 
years Wheeler and other authors fell into the habit of 
referring to the lowest level of social organization as 
“subsociality,” a phenomenon that can now be more 
rigorously specified as parent-offspring communication 
that does not include cooperation in the rearing of other 
offspring. Already a profusion of arthropods are known 
to be subsocial to some degree: pycnogonids (Kaestner, 
1968), crustaceans (Schöne, 1961), spiders (Nørgaard, 1956; 


Tretzel. 1961). mites (Treat, 1958), scorpions (Vachon, 
1952). pseudoscorpions (Weygoldt, 1969), millipedes 
(Schubart, 1934). centipedes (Weil, 1958: Eason. 1964). 
symphylans (Jones, 1935), cockroaches (Scott. 1929; Roth 
and Willis. 1960), crickets (Hahn, 1958: West and Alex- 
ander, 1963), earwigs (Fulton, 1924: Weyrauch, 1929; R. 
Stäger in Maidl, 1934), mantids (Faure. 1940), psocopter- 
ans (Mockford. 1957), embiopterans (Ledoux, 1958), 
hemipterans (Bequaert, 1935: Schaller, 1956: Schorr, 
1957: Odhiambo. 1959, 1960). membracids (Beamer, 
1930). thrips (Hean, 1943: Mani and Rao, 1950), beetles 
(von Lengerken. 1939, 1951: Hinton, 1944: Schedl, 1958), 
bees (Michener, 1969a), and wasps (Evans, 1958: Olberg, 
1959). Much more interesting is the fact that behavior and 
communication in the most advanced subsocial species is 
as complex as that found in the eusocial insects. In both 
instances We find such behavior patterns as the building 
of elaborate nests, nest guarding and cleaning, the trans- 
port of food to brood cells, soliciting for food. regurgi- 
tation, the laying of trophic eggs, mutual grooming, the 
transport of young. and alarm signaling. 

In line with the system used to designate the evolu- 
tionary stages leading to eusociality, the presocial behavior 
in arthropods to be considered now can be classified into 
one or the other of three principal categories: the first is 
subsociality in the strict sense: the second is communal 
behavior or the aggregation of individuals who cooperate 
to some extent in foraging for food or in the building of 
nests; the third is quasisocial behavior, in which individ- 
uals cooperate in the rearing of young, whether or not 
they join in foraging and nest construction (see Chap- 
ter 2). 

It is too early to systematize our knowledge of pre- 
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sociality by referring classes of phenomena to theory and 
critical exemplification. What I propose to do instead is 
to describe a series of case histories that illustrate the 
diversity of the phenomena concerned and the extremes 
to which they have been carried. I will also attempt to 
draw a few empirical generalizations, of the kind that will 
someday, I hope, lead to the beginnings of a more inclu- 
sive theory. 


Parental Care in the Hemiptera 
and Homoptera 


In many families of Hemiptera (Acanthosomidae, 
Aepophilidae, Aradidae, Belostomatidae, Coreidae, 
Cydnidae, Dysodiidae, Emesidae, Gerridae, Pentatomi- 
dae, Reduviidae, Scutelleridae, Tingidae) and in the 
homopterous family Membracidae, species are known that 
display some form of parental protection, especially to- 
ward young in the earliest developmental stages. In the 
great majority of cases the female is the guardian. Males 
of the coreid Phyllomorpha laciniata and of certain belo- 
stomatid species also perform this service, but it is done 
more or less involuntarily since their mates fasten the eggs 
onto their backs, where they remain until the nymphs 
hatch. According to one observer (J. R. Parker in Hoff- 
man, 1924), males of the belostomatid Lethocerus ameri- 
canus, a giant water bug, actively assist the females in 
guarding the egg masses. In the African reduviids of the 
genus Rhinocoris the males are the exclusive guardians of 
the eggs and young nymphs (Bequaert, 1935; Odhiambo, 
1959). This is apparently also the case in the dysodiid 
Neuroctenus pseudonymus, observed by McClure (1932) in 
Texas. 

Among a few of the families, notably the Belostomat- 
idae, Coreidae, and Gerridae, parental guardianship is 
found only in a small minority of the species and is limited 
to the eggs. Truly subsocial behavior, which involves spe- 
cialized interaction between the parents and nymphs, 
occurs sporadically through the other hemipteran families 
that show parental care, and it is limited in most cases 
to the first one or two nymphal instars. As a rule, the 
parent offers shelter with its body, or carries the nymphs 
around on its back or venter, or simply stands close by. 
In a few instances a more advanced type of interaction 
is involved. Nymphs of the scutellerid Pachycoris fabricii, 
for example, orient strongly toward the mother, as de- 
scribed in this account by H. G. Barber (quoted by 
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Bequaert, 1935): “While collecting insects in Porto Rico 
for the American Museum of Natural History, in the 
summer of 1914, I noticed a specimen of the brilliantly 
colored female of this species on the under side of a leaf. 
Spread over the leaf surface were quite a number of the 
small dark green nymphs, probably in the second instar. 
I slightly disturbed the leaf, when suddenly to my great 
surprise the little bugs scurried to the mother, crowding 
beneath her robust body in order to gain protection. The 
mother seemed perfectly conscious of her duty in the 
matter and remained stationary, covering them over with 
her body very much as a hen will cover her chicks. No 
eggs were found on this particular leaf, so that the brood 
must wander about in the wake of the mother, at least 
to some extent.” 

The females of the tingid Gargaphia solani, a species 
observed in Virginia by Fink (1915), stay close to the 
nymphs throughout most of their development. “When 
migrating from one leaf to another the female adult usu- 
ally directs the way and with her long antennae keeps the 
nymphs together or rebukes any straggler or deserter. It 
is an interesting sight to observe the migration of a colony 
of more than a hundred nymphs, with the female adult 
hurrying from one end of the flock to the other, keeping 
them together and at the same time urging them in the 
right direction during the migration.” According to Keys 
(1914), the adults of Aepophilus bonnairei, a semimarine 
bug found along the coast of western Europe, uses alarm 
signals to get their offspring out of harm’s way. The 
Aepophilus families commonly rest under stones. The 
nymphs form a circle around the parent with their heads 
pointed toward its body. If the stone is lifted, exposing 
the hiding place, the adult rushes from one nymph to the 
other tapping them with her antennae, and the whole 
group then runs to the other side of the stone. An example 
of maternal care involving the pentatomid Mecistorhinus 
tripterus is illustrated in Figure 7-1. 

Several observers have described incidents in which 
parent bugs attacked and chased off potential enemies 
which approached the brood. When Bequaert (1935) 
placed an ant on the egg mass being protected by a male 
Rhinocoris albopunctatus, “the male at first moved away, 
evidently frightened by the moving hand; but he soon 
returned, carefully exploring with the antennae, until the 
ant was discovered. The bug then proceeded to attack the 
ant with the beak and finally impaled it and carried it 
off an inch or so from the egg-mass, where he dropped 
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FIGURE 7-1. A female of the cacao stinkbug (Mecistorhinus 
tripterus) of Trinidad is shown guarding her first instar nymphs 
four days after they hatched (from Kirkpatrick, 1957). 


it and then returned to the eggs.” Odhiambo (1959) has 
provided evidence that the chief enemies who cause the 
evolution of subsocial behavior in the Hemiptera are 
insect parasites, particularly those that attack the egg 
stage. In nearly all of the subsocial hemipterans, care is 
limited to this simple act of protection. However, adults of 
the Brazilian pentatomid Phloeophana longirostris have 
apparently gone one step further. According to P. S. de 
Magalhaes and P. Brien, cited by Bequaert, the female 
is cryptically colored on the bark of Terminalia catappa. 
She uses her body to cover the eight to twelve eggs laid 
in a batch. After hatching, the nymphs cling to the under- 
side of her abdomen until they reach the final nymphal 
instar. Since individuals belonging to the first nymphal 
instars have beaks too short to penetrate the bark of the 
host tree, they are thought to be fed by the mother, either 
with some secretory material or by sap delivered through 
the proboscis. Obviously this case must be studied further 
before such a singular conclusion can be accepted with 
any confidence. 


Advanced Parental Care in Crickets 


Females of some species of mole crickets (Gryllidae: 
Gryllotalpinae) have the unusual habit, for orthopterans, 
of sealing themselves in underground burrows with their 
eggs and young nymphs. Similar behavior is displayed by 
the “big brown cricket” of India, Brachytrupes achatinus 
(Gryllidae: Brachytrupinae). West and Alexander (1963) 
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discovered that a second brachytrupine, Anurogryllus 
muticus of the southeastern United States, has evolved an 
even more elaborate form of parental care. After the 
females mate, they construct a burrow of the characteristic 
form illustrated in Figure 7-2. At this point they become 
very aggressive, which is an unusual trait for female 
crickets at any period of the life cycle. They viciously 
attack other members of the species who intrude into the 
nest, including males. West and Alexander, by inducing 
females to burrow along the glass sides of terraria, were 
able to observe the details of maternal care. The eggs are 
laid in batches on the floor of the brood chamber and 
partly covered with soil. When the nymphs hatch, they 
cluster together and also attempt to remain near the fe- 
male. The female’s mouthparts and the tip of her abdo- 
men are especially attractive to them. Occasionally the 
female palpates a nymph or picks it up bodily and gently 
manipulates it in her mouthparts. Antennal touching is 
common. The offspring are fed in a unique manner. From 
time to time the mother lays miniature eggs, which the 
nymphs immediately carry away and eat. These objects 
are so attractive to the nymphs that they crowd around 
them and fight for their possession. They are evidently 
specialized to serve as baby food, and in fact are closely 
comparable to the trophic eggs produced by some species 
of ants. When given the opportunity, the female gathers 
bits of fresh grass and fruit, carries them into the brood 
chamber, and shares them with her nymphs. When she 
defecates, she backs into the lower corner of the brood 
chamber and deposits a pellet into a lower tunnel. After 
the fecal chamber has filled up, she begins to pick up fecal 
pellets and to carry them out through one of the exit 
tunnels. 

Alexander (1961) has pointed out that although the 
total pattern of maternal behavior of Anurogryllus muticus 
and other brachytrupines and gryllotalpines represents an 
extraordinary evolutionary advance in sociality, it is con- 
structed directly out of rather simple elements already 
present in solitary cricket species. Solitary burrowing spe- 
cies in particular are skilled at manipulating soil particles. 
They are also territorial and stay close to retreats which 
they excavate themselves. The movements that a subsocial 
female cricket uses in manipulating her eggs, nymphs, 
food, and fecal material do not differ significantly from 
the handling of pieces of soil by solitary, nonsocial crickets 
during the act of burrowing. Basically, the origin of ad- 
vanced subsocial behavior of the Anurogryllus type re- 
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FIGURE 7-2. A female of the burrowing cricket Anurogryllus muticus is shown in her sealed brood chamber. 
A burrow leads (at the right) up to a piece of apple on which the female has been feeding. Pieces of grass have 
been gathered by the female and piled on the floor of the brood chamber. To the left is a filled defecation 
chamber, while an egg pile is partly covered by soil beneath the female’s abdomen. A single newly hatched 
nymph stands in front of its mother, and the two individuals touch antennae (from West and Alexander, 1963). 


quires only the addition of the capacity to differentiate 
among classes of objects such as soil, offspring, food, and 
feces, and a slight specialization in the response to each. 


Advanced Parental Care and Division of 
Labor in Beetles 


Subsocial behavior occurs in at least nine families of 
the Coleoptera, as follows (von Lengerken, 1939; Hinton, 
1944; Ellinor Bro Larsen, 1952): 


1. Staphylinidae: Platystethus arenarius, Bledius specta- 
bilis. 

2. Silphidae: Necrophorus spp. 

3. Hydrophilidae: Spercheus spp., Epimetopus spp., 
Helochares spp. 

4. Scarabaeidae: Copris hispanus, C. lunaris. 

. Passalidae: Popilius and possibly other genera. 

6. Tenebrionidae: Phrenapates bennetti. 


Un 


7. Chrysomelidae: Omaspides pallidipennis, Pseudo- 
mesomphalia thalassina, Selenis spinifex, and possibly 
Phytodecta rufipes. 

8. Scolytidae: the tribes Xyloterini and Xyleborini. 

9. Platypodidae: probably all species, 


In drawing up the bulk ofthis list in 1944, Hinton correctly 
challenged Wheeler’s assertion (1921b) that the silvanids 
Coccidotrophus socialis and Eunausibius wheeleri of 
Guyana are subsocial. These beetles have undeniably 
peculiar habits: the adults live with their larvae in the leaf 
petioles of the legume Tachigalia paniculata, where they 
first eat out protein-rich pith and exist thereafter by 
“milking” honeydew from mealybugs (Pseudococcus 
breviceps) who follow them into the cavities. There is 
really no evidence of cooperation between the adults and 
offspring. On the contrary, all of the members of the colony 
compete for the secretions of the Pseudococcus. According 
to Wheelers own description, when several adults or 
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larvae (or both) are attempting to stroke the same mealy- 
bug “they stand around it like so many pigs in a trough, 
and the larger and stronger individual keeps butting the 
others away with its head.” A third silvanid species, Coc- 
cidotrophus cordiae, was subsequently discovered living 
with the same species of mealybug in Cordia alliodora 
(Wheeler, 1928), but it is not known whether its “social” 
habits differ in any significant way from those of its 
congener. The case of the neotropical tenebrionid Phre- 
napates bennetti is equally in doubt, but this time only 
by implication. Ohaus (1909) claimed that the adult 
beetles excavate brood niches along galleries dug through 
dead wood, in the manner of the scolytid and platypodid 
ambrosia beetles, and feed the larvae progressively with 
fine wood shavings. This much sounds reasonable enough. 
Unfortunately, Ohaus also claimed that larvae of Brazilian 
passalids have mouthparts too feebly developed to chew 
on dead wood directly and therefore have to be fed pre- 
digested material by the adults. Both of these claims have 
been checked and firmly rejected by Heymons (1929). The 
social behavior of passalids, it should be added, is still 
largely a mystery despite the fact that some of the species 
are dominant elements in rotting wood over a large part 
of the world and can be easily kept in the laboratory. 
Pearse et al. (1936) showed that larvae of the common 
eastern North American species, Popilius disjunctus (still 
often referred to incorrectly in the literature as “Passalus 
cornutus”) can live on decaying wood alone, but they do 
better with wood that has been chewed and either partly 
digested or converted into frass by adults. Both adults and 
larvae stridulate, and Pearse and his co-workers concluded 
that the sound is used to hold the P. disjunctus families 
together, in line with earlier claims made for Neotropical 
species by Ohaus and Wheeler. Thus, the passalids appear 
to be truly subsocial. Very little experimental analysis has 
ever been made of the stridulation or any other aspect 
of communal behavior in these insects, however. The 
single exception of which I am aware is a study by Alex- 
ander, Moore, and Woodruff (1963), who found that 
P. disjunctus stridulate when fighting or when suddenly 
disturbed by another beetle. These observers further noted 
that passalids stridulate almost continually when together 
in their normally dense colonies. They agree with the 
popular view that the sounds serve to keep groups of 
adults and larvae together, but do not offer any new 
evidence in support of it. 

Some of the verified examples of subsociality in other 
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beetle families involve adaptation at least as extreme as 
those of the Anurogryllus crickets. In addition to the mun- 
dane actions of nest construction and guardianship of the 
young, instances have been reported of nest hygiene, 
progressive feeding of the young both with raw materials 
and regurgitated liquid, and even division of labor among 
the adults. The dung beetles of the family Scarabaeidae 
offer what seems to be a straightforward evolutionary 
progression from the elementary to the most advanced 
forms of parental care. Much of this story was worked 
out by Jean Henri Fabre at Sérignan. His own account 
is most conveniently available to English-speaking readers 
in de Mattos’ 1918 translation, The Sacred Beetle and 
Others. More recent research on scarabaeid behavior has 
been summarized by von Lengerken (1939) and Ritcher 
(1958). The “Sacred Scarabaeus” (Scarabaeus sacer) has 
the solitary life cycle of a simpler type. When the adult 
female is ready to oviposit, she fashions a sphere from 
sheep’s dung about her own weight and rolls it to a previ- 
ously excavated nest in the soil. After settling the pellet 
into a large elliptical chamber at the bottom of the nest, 
she makes a crater-shaped depression at one end of the 
dung, lays an egg in it, and works the material at the edge 
of the depression up and completely over the egg. Then 
the nest is abandoned, and the female starts the whole 
process again elsewhere. A small step toward sociality has 
been taken by Sisyphus schaefferi, a second European 
species studied by Fabre. Its life cycle is similar to that 
of the Scarabaeus, except that the male accompanies the 
female throughout the nesting operation. The pair obtains 
a dung pellet as the first step, and the male guards it while 
the female excavates the burrow. In Minotaurus typhaeus 
the male is more involved. He forms the fecal pellets and 
lowers them to the female, who tears the dung into pieces 
and packs it into the bottom of the burrow. Members of 
the principally Asiatic genus Lethrus have carried division 
of labor between the sexes still further. The life cycle of 
these strange insects was worked out principally in Russia 
by Schreiner (1906). After the pair have formed in the 
spring and begun to excavate their nest, the male creates 
a “courtyard” around the entrance. This is a circular area 
from which humus, stones, and branches are removed. 
The male is distinguished anatomically by two long tusks 
that project downward from the lower surfaces of its 
mandibles. These structures, which appear to be unique. 
among the beetles, are used to rake up the surface of the 
ground and to shovel away pieces of humus. The female 


Chapter 7 


lacks tusks, and she does not join in the clearing of the 
ground surface. Both partners do cooperate in excavating 
the nest, however. When the time to provision arrives, 
labor is again sharply divided between the sexes (see 
Figure 7-3). The male gathers fresh leaves and buds, 
which he shears off with his heavy, nipper-like mandibles. 
These he drags into the nest and turns over to the female, 
who presses them into elliptical balls fitted to the interior 
of the brood cells. If the male is eliminated by accident, 
the female is still able to forage for food on her own and 
to complete the provisioning of the nest. 

Numerous other variations on this scheme exist within 
the Scarabaeidae. Bolboceras darlingtoni of the south- 
eastern United States collects finely divided humus, forms 
it into a cell, and places it in a cavity above the food mass. 
Males and females sometimes collaborate, and several 
pairs may be found in adjoining burrows that appear to 
interconnect. Larval development is quite rapid, so that 
generations of adults overlap (H. F. Howden, personal 
communication). As shown by the studies of Fabre and 
later confirmed by von Lengerken (1951), at least two 
species of Copris have actually attained a subsocial level 
of parental care. In both cases the male and female coop- 
erate in the excavation of the nests and the preparation 
of the larval food. The C. hispanus pairs collect cow dung 
and manufacture four spherical pellets from it in the 
brood chamber of each nest. When this task is completed, 
the male leaves, but the female remains behind for the 
entire four months required for larval development. She 
stands guard over the pellets, keeping them clean and 
reshaping them when they begin to deform or crumble. 
Finally, when the young adults emerge from the pupal 
Stage, she accompanies them out of the nest. Pairs of 
C. lunaris build their nests beneath pats of sheep dung and 
fashion two pellets in each brood chamber. Both parents 
remain behind with the young, but only the mother carries 
on housekeeping. 

Subsociality at the Copris level or beyond has also been 
evolved in the staphylinid tribe Oxytelini. Most species 
in the large family Staphylinidae are predaceous, but 
certain members of the Oxytelini, together with a few 
Oxyporinae, are exceptional in feeding on dung or algae. 
The reliance on such a fixed and locally distributed source 
of food evidently constitutes a preadaptation for subsocial 
behavior. Platystethus arenarius, which has been studied 
in England by Hinton (1944), lives in cattle dung. After 
mating, the little female constructs a broadly oval to 
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nearly spherical chamber 6 to 10 mm in its greatest diam- 
eter and lays between 20 and 100 eggs inside. The cham- 
ber is kept meticulously clean, if such a phrase can be 
applied to anything made wholly out of dung. Fungal 
hyphae that penetrate into the air space are soon chewed 
off by the female, and arthropods which invade the 
chamber, including other staphylinid adults and larvae, 
are repelled or killed. The female, however, does tolerate 
first instar P. arenarius larvae, possibly because of her 
inability to distinguish them from her own larvae. She 
continues to protect her brood into the first larval instar. 
Shortly before the first molt the larvae disperse, and each 
builds a feeding chamber of its own. Females of the 
oxybeline genus Bledius feed on algae, which they store 
in nests excavated in the soil. They also protect their eggs. 
Ellinor Bro Larsen (1952) has shown how one species, 
B. spectabilis, has become highly specialized in related as- 
pects of its ecology and maternal care. This beetle lives 
in the intertidal mud of the European coast, where it faces 
extreme hazards both from the high salinity and periodic 
shortages of oxygen. The female constructs unusually wide 
tunnels in her brood nest, which are kept ventilated by 
tidal water movements and by renewed burrowing activity 
on the part of the female. If she is removed, the brood 
soon perishes from lack of oxygen. The mother also pro- 
tects the eggs and larvae from intruders, and from time 
to time forages outside the nest for a fresh supply of algae. 

Approximately the Bledius spectabilis level of sub- 
sociality has also been attained, independently and in a 
radically different environment, by certain species of the 
family Scolytidae commonly referred to as ambrosia 
beetles. Because the behavior of these insects is adapted 
to the maintenance of a complex mutualism, and the 
nomenclature surrounding the mutualism has become 
confused over a long period of time, a few words concern- 
ing the background of the subject are necessary. It was 
J. Schmidberger who, in 1837, applied the term “am- 
brosia” to the material lining the burrows of the deep- 
boring scolytid Xyleborus dispar. Without knowing its 
nature, he stated that this material comes out of the wood 
and serves as the food of the beetles. In 1844 Theodor 
Hartig showed that the ambrosia of X. dispar is a fungus, 
and he gave it the formal name Monilia candida. Over 
the next few decades several other kinds of fungus were 
identified in the galleries of various wood-burrowing spe- 
cies of Scolytidae and Platypodidae. By 1897, when 
H. G. Hubbard wrote his classic paper on the subject, the 
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FIGURE 7-3. A pair of Lethrus apterus are shown provisioning their nest. The male is 
pulling a freshly cut leaf backward through the entrance gallery, while the female packs 
another leaf into the brood cell currently being provisioned: (m) leaf masses; (e) eggs; (/) 
larva; and (p) pupae, which are enclosed in acorn-shaped cocoons. After a cell has been 
provisioned, the pair pack soil into the main tunnel to that level, as indicated by the limits 
of the dashed lines (drawing by Sarah Landry, based on von Lengerken, 1939). 
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species of the Scolytoidea seemed clearly divisible into the 
following two ecological groups: the “ambrosia beetles,” 
consisting of all of the Platypodidae and some of the 
Scolytidae, which burrow into the xylem and cultivate the 
mutualistic ambrosia fungus for food; and the true “bark 
beetles,” comprising most of the Scolytidae, which burrow 
exclusively within the bark and just beneath it in the 
phloem. Unfortunately for the initial nomenclature, sym- 
biotic fungi were subsequently discovered to be associated 
with certain bark-inhabiting scolytids, for example the 
genus Ips, as well as other kinds of beetles, including 
occasional species of Anobiidae, Brenthidae, Curculioni- 
dae (in Scolytoproctus and Gulamentus), and all of the 
Lymexylidae so far examined (Schedl, 1958; Graham, 
1967). These insects are nevertheless not referred to as 
“ambrosia beetles.” By convention the term is still applied 
exclusively to the wood-boring scolytoids. Perhaps the 
term “fungus-growing beetles” can be substituted for the 
category of species that live in mutualistic association with 
fungi, parallel with the generally accepted functional 
category of fungus growers in ants and termites. This 
minor semantic confusion should not obscure the impor- 
tant fact that the mutualism is an advanced type accom- 
panied by complex adaptations on both sides. The fungi, 
which belong to the Ascomycetes and several families of 
the Fungi Imperfecti (Cryptococcaceae, Moniliaceae, 
Dematiaceae, Stibaceae), are species-specific with respect 
to the scolytoid beetles they serve. They flourish in the 
particular conditions of humidity and temperature that 
arise in the beetle burrows, and they function as the 
principal source of food for both the adults and the larvae. 
The “ambrosia” part of the fungus is comprised of special 
growth forms that are especially capable of proliferating 
in the open spaces of the burrows. It usually consists of 
chains of hyphal bodies or cells packed together to form 
an even palisade lining the gallery walls. Sometimes it is 
a mat of conidiophores, each bearing a single terminal 
conidium that is eaten by the beetles and soon replaced 
by another conidium (L. Batra, 1963). The beetles are 
typically associated with more than one species of fungus: 
a primary one brought in by females or (rarely) males, 
and auxiliary species that make their way into the nests 
later. Most of the auxiliary forms are either yeasts or 
filamentous hemiascomycetes (L. Batra, 1966). As dis- 
covered independently by Nunberg (1951) and Helene 
Francke-Grosmann (1956, 1967), the fungus-growing 
scolytoids have evolved special sac-like receptacles on the 
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mycangium 


FIGURE 7-4. Location of the mycangia, special structures 
used to transport spores of symbiotic fungi, are shown in two 
species of scolytid beetles: (Above) Monarthrum fasciatum; 
(below) Anisandrus dispar (redrawn from L. Batra, 1963). 


body for transporting the spores of the primary symbionts 
from one tree or log to another. Two of these mycangia, 
as they are called, are illustrated in Figure 7-4. 

Some fungus-growing scolytoids are communal in their 
living habits, but do not display any obvious form of 
communication between the adults and young. Xyleborus 
saxeseni, for example, feeds on the dead wood of beech, 
hickory, maple, and oak. It excavates flat, leaf-shaped 
chambers which stand vertically on end, parallel with the 
grain of the wood, and which communicate with the bark 
by one or a few tubular galleries. According to Hubbard, 
these brood chambers are packed at times with adults of 
the Xyleborus and their eggs, larvae, and pupae in all 
stages of development. The larvae are able to crawl up 
and down the vertical walls with the adults. They also 
assist in enlarging the chambers. Bits of wood are chewed 
off and swallowed, and, as they pass through the intestine, 
they turn mustard yellow in color. The beetle colony ejects 
large quantities of the stained excrement from the nest 
openings, but a portion is retained and plastered onto the 
walls of the chambers, where it becomes part of the sub- 
stratum for the symbiotic moniliaceous fungus. It is not 
impossible that Xyleborus and other communal scolytoids 
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engage in some form of nutritive aid or primitive com- 
munication between the adults and larvae, in the manner 
of Popilius. We should bear in mind that it was only 
recently discovered that adult beetles communicate by 
stridulation, and, in retrospect, it is hard to see how the 
phenomenon was overlooked for so long. The 77 species 
of Scolytidae studied by Barbara Barr (1969) have stridu- 
latory organs of one or the other of three basic types: 
vertex-pronotal, gula-prosternal, or elytra-abdominal. The 
presence of the organs among the species is correlated to 
some extent with sex and ecology. In the large genus Ips, 
fourteen pine-infesting species are known in which only 
the females possess stridulatory organs, all of the vertex- 
pronotal type. In two other pine-infesting species, gula- 
prosternal organs are present in the females and possibly 
also in the males. Spruce-feeding members of Ips appear 
to lack the organs. Stridulation is used as a discriminating 
device in the aggregation process. The males of Ips, for 
example, penetrate the host trees first and then call in 
other members of the same species by means of phero- 
mones (a mixture of terpenoid alcohols produced in the 
hind gut). In order to gain entrance to the burrows the 
females must first stridulate. Whether sound is ever used 
within the brood chambers as a means of communication 
among members of the growing families remains an open 
question. 

The species of the ipine genera Gnathotrichus, Mon- 
arthrum, and Xyloberus have advanced forms of subsocial 
organization. The adults rear the young in “cradles,” 
-which are short diverticula of the main galleries (Figure 
7-5). The adult males and females of Monarthrum work 
together to excavate the nest and to care for the brood. 
The mother beetle lays eggs singly in circular pits carved 
into the walls of the main gallery on opposite sides parallel 
with the grain of the wood. According to Hubbard, the 
eggs are loosely packed in the pits with chips and material 
taken from the fungus bed which she has previously pre- 
pared in the vicinity and upon which the ambrosia has 
begun to grow. The fungus referred to in the following 
account by Hubbard has more recently been identified as 
a species of Monilia, a member of the Fungi Imperfecti. 
“The young larvae as soon as they hatch out, eat the 
fungus from these chips and eject the refuse from their 
cradles. At first they lie curled up in the pit made by the 
mother, but as they grow larger, with their own jaws they 
deepen their cradles, until, at full growth, they slightly 
exceed the length of the larva when fully extended. The 
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larvae swallow the wood which they excavate, but do not 
digest it. It passes through the intestines unchanged in 
cellular texture, but cemented by the excrement into pel- 
lets and stained a yellowish color. The pellets of excrement 
are not allowed by the larvae to accumulate in their 
cradles, but are frequently ejected by them and are re- 
moved and cast out of the mouth of the borings by the 
mother beetle. A portion of the excrement is evidently 
utilized to form the fungus garden bed. The mother beetle 
is in constant attendance upon her young during the 
period of their development, and guards them with jealous 
care. The mouth of each cradle is closed with a plug of 
the food fungus, and as fast as this is consumed it is 
renewed with fresh material. The larvae from time to time 
perforate this plug and clean out their cells, pushing out | 
the pellets of excrement through the opening. This débris 
is promptly removed by the mother and the opening again 
sealed with ambrosia. The young transform to perfect 
beetles before leaving their cradles and emerging into the 
galleries.” Although the Monarthrum life pattern is tanta- 
lizingly close to eusociality, there is no evidence that the 
young adults remain to assist their parents in rearing other 
young. Schedl (1958) has presented an authoritative ac- 
count of the evolution of the ambrosia habit, which he 
calls xylo-mycetophagy, as well as a review of other aspects 
of scolytoid biology. 

The most advanced form of parental care known to 
have evolved in the Coleoptera is that shown by the 


FIGURE 7-5. Adult of Monarthrum mali (Scolytidae: Ipinae) 
and a typical gallery system of the species excavated in the 
dead wood of maple. Larvae are reared in “cradles,” the short 
chambers leading off from the central gallery (redrawn from 
Hubbard, 1897). 
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burying beetles of the genus Necrophorus. Erna Pukowski’s 
1933 report has elucidated many of the details of this very 
remarkable life cycle. Six species of Necrophorus occur in 
Europe. In May the overwintered adults become active 
and begin searching for the dead bodies of small verte- 
brates, preferably birds and such small mammals as mice 
and shrews. If a male encounters a corpse first, he takes 
the “sterzelndes” posture, lifting the hind part of the body 
into the air and releasing a pheromone. Although the 
substance has not been chemically identified, it appears 
to be effective only on females of the same species. If more 
than a single pair assemble on the corpse, and sometimes 
as many as ten or more do collect at about the same time, 
fighting ensues, male against male and female against 
female, until only a single pair is left. The winners now 
excavate the soil beneath and around the body until their 
prize is partly buried. At the same time they chew and 
work the putrefying mass until it is roughly spherical in 
shape and can be rolled downward into a burrow ex- 
cavated beneath it. Then the beetles seal the burrow off 
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from below, leaving themselves isolated with the rotting 
ball in an underground chamber. The female next eats 
out a crater-shaped depression on the top of the ball and 
spreads her feces over its surface. When the larvae hatch, 
they sit in the crater like so many fledgling birds in the 
nest. As described by Pukowski, they also interact with 
the parents like the young of altricial birds: “As the female 
approaches the crater, the larvae lift the fore part of their 
bodies in unison, so that their legs are grasping air. The 
beetle stands directly over the larvae and strikes the food 
ball or the larvae with trembling motions of her fore legs. 
Now the female opens her mandibles, and one of the 
larvae swiftly inserts its head between the mandibles and 
tightly into the mouth opening. If circumstances are right 
one can see a brown liquid pass from the mother’s mouth 
to the larva. After a few seconds the beetle pulls back and 
attempts to put her mouth down on the head of another 
larva. Without doubt the brood is being fed by the fe- 
male.” 

This scene is illustrated in Figure 7-6. When the larvae 


FIGURE 7-6. A female of the burying beetle Necrophorus vespillo re- 
gurgitates to a larva, while a second larva attempts to share in the feeding. 
The larvae, which in this case are in the third instar, rest in a depression 
dug by the female on top of the carrion ball (original drawing by Sarah 
Landry; based on photographs by Erna Pukowski). 
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are only five or six hours old they begin to feed on the 
ball directly. However, they continue to take meals from 
the mother at irregular intervals, and for a time after each 
molt they are wholly dependent on this source of nutrition. 
If the mother is removed while the larvae are immature, 
they start to pupate, but are unable to complete adult 
transformation. In two of the European species (germani- 
cus and vespilloides) the male assists his mate in feeding 
the brood, but is still less active in the role. 


Cooperation and Division of Labor among 
Insect Larvae 


A very different kind of presocial behavior is shown by 
the larvae of the jack-pine sawfly (Neodiprion pratti 
banksianae). These caterpillar-like insects feed in tight 
groups on their coniferous host. Ghent (1960) discovered 
that the chief advantage to aggregation comes in the first 
stadium, when the larvae are weak and have great diff- 
culty chewing holes into the tough pine needles on which 
they depend. In Ghent’s experiments, larvae isolated from 
their fellows suffered an 80 percent mortality, while only 
53 percent died among all of those allowed to remain in 
groups. The effect is a statistical one based on sample size, 
because even when a larva belongs to a group, it attempts 
individually to establish its own feeding site. When one 
does cut through into the succulent inner tissue, whether 
by luck, superior strength, or greater skill at finding a weak 
spot, the other larvae are quickly attracted to the spot by 
the odor of the volatile components of the salivary secre- 
tions and plant substances released into the air. Soon the 
breach is widened, and all of the larvae are able to feed. 
Comparable group behavior enhances survival of indi- 
viduals during at least two periods in the life cycle of the 
Australian sawfly Perga affinis (Carne, 1966). The eggs of 
this species are laid in “pods” within the tissue of the leaf 
blade. When the larvae hatch, they must rupture the 
overlying leaf tissue in order to escape and thus to survive. 
Usually only one or two larvae in a pod succeed in making 
it to the outside, and they are followed from the exit holes 
by their brother and sister larvae. It frequently happens 
that none of the progeny from a small pod succeeds in 
escaping, in which case all die. In one large sample of 
infested leaves studied by Carne, the mortality of pods 
containing fewer than 10 eggs was 66 percent; in those 
containing more than 30 eggs, only 43 percent. The Perga 
larvae also stay together when they leave the host tree 
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FIGURE 7-7. When larvae of the sawfly Neodiprion pratti 
banksianae first hatch, they have a difficult time cutting through 
the tough cuticle of the needles of the jack pine in order to 
feed. At first they wander singly (left) until one or more suc- 
ceeds in cutting through to the inner tissues (middle). The smell 
of damaged tissues attracts other larvae, and they feed there- 
after in a group (right) (from Sudd, 1963; based on Ghent, 
1960; courtesy of Science Journal, London, incorporating Dis- 
covery). 


to pupate. In order to cocoon, they must dig into the soil. 
Since their morphology is poorly adapted for burrowing, 
most are not able to penetrate the crust, and they face 
death by desiccation unless they can use the entrance 
burrow of a successful larva. In larger aggregations at least 
one larva usually succeeds in breaking through, with the 
result that other individuals are also able to cocoon. But 
in small groups, complete failure and total mortality are 
commonplace. i 

Wellington’s study (1957) of the western tent caterpillar, 
Malacosoma pluviale (Lasiocampidae), has revealed a 
division of labor in feeding aggregations fashioned from 
strong individual differences in foraging behavior. Some 
larvae are leaders. They can move from one spot to an- 
other on their own without the trails of silk threads that 
ordinarily guide the groups. Others are wholly followers 
and seem unable to go anywhere without the aid of the 
silk trails. Among the followers there exists further varia- 
tion in the distance over which individuals disperse along 
the trails away from the silken tents used by the colonies 
as refuges. Wellington found that the relative frequencies 
of these behavioral types in a given colony greatly affect 
the distances covered by the colony when it forages, the 
number and shape of the tents it manufactures, and its 
susceptibility to various mortality factors such as preda- 
tion and disease. 


Subsociality and Quasisociality in Spiders 


The “social” spiders have been the subject of excellent 
recent reviews by Tretzel (1961), Kullmann (1968), and 
Shear (1970). There are no known cases of eusociality in 
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the spiders or even of the formation of reproductive castes 
among members of the same generation, that is, semi- 
sociality. Communal nesting behavior is relatively com- 
mon, however, and a few examples have been reported 
in which adult spiders cooperate in the construction of 
both webs and brood refugia. Also, some truly remarkable 
cases of communication have been reported between par- 
ents and young. Most of the known cases of presociality 
are found in the phylogenetically more advanced spiders, 
especially the cribellate groups, which are characterized 
by the possession of a cribellum or flat spinning plate 
located anterior to the spinnerets. Among the primitive 
spiders, parental care is apparently exhibited by some of 
the tarantuloids. Otherwise, presociality is limited chiefly 
to the Agelenidae, Eresidae, Oecobiidae, Theridiidae, and 
Uloboridae. 

A hypothetical sequence of events in the evolution of 
spider presociality is presented in Figure 7-8. This schema 
is arranged in a way to emphasize that spiders, like the 
insects, have moved along both of the main phylogenetic 
pathways open to them. Some have gone the parasocial 
way, in which adults first aggregate and cooperate without 
brood care; others have followed the subsocial way, in 
which parental care is evolved in the absence of adult 
gregarious behavior. When the two derived behavioral 
elements are combined, as they have been by some species 
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of Agelena and Oecobius, an advanced state of quasi- 
sociality results. It is therefore natural to ask whether there 
are any eusocial spiders. To rephrase the question some- 
what more precisely, do any of the species thought to be 
quasisocial also exhibit reproductive division of labor? 
This important possibility seems not to have been investi- 
gated explicitly by arachnologists, but I regard it as a basic 
problem of spider biology, one for which even a firm 
negative answer will prove significant. It prompts us to 
examine some of the better-documented examples of the 
known stages of presociality in the postulated sequence 
of evolutionary advance. 

The Uloboridae contain among themselves two of the 
key stages of communal behavior. Uloborus arizonica and 
U. oweni of the southwestern United States form common 
web systems, each containing 20 to 200 individuals. No 
central retreats are constructed, and communal feeding 
is unknown (Muma and Gertsch, 1964). The Neotropical 
species, U. republicanus, forms larger, more structured 
communities (Simon, 1891; Schwarz, 1904). Silken lines 
are spun in a tangle from one piece of vegetation to 
another, and between the lines the spiders fashion indi- 
vidual webs of the typical uloborid pattern. There is also 
a central tangle to which the females retreat when they 
are inactive or threatened. The males remain in the retreat 
permanently and mate with the females there. The fe- 
males care for their egg sacs individually. U. republicanus 
nests sometimes are very large. Schwarz observed one in 
Cuba that occupied nearly the whole crown of a felled 
tree and was 2 to 3 m wide, about 2 m high, and 1 m deep; 
it contained approximately 1,000 spiders. “The whole net 
formed a most perfect trap for all insects that flew through 
the clearing made by the felled tree, and the individual 
webs of the spiders were found to be full of insects of all 
kinds.” Other communal webs in the vicinity contained 
300 spiders or less. 

Anelosimus eximius (family Theridiidae) carries com- 
munal life well beyond the stage expressed in the Ulobo- 
ridae. According to Simon (1891), who studied the species 
in Venezuela, about a thousand spiders cooperate to build 
a large tangled web with a central retreat woven around 
a cluster of dead leaves (Figure 7-9). The spiders touch 
each other continuously with their forelegs and palps. 
They attack prey in groups, drag them back into the 
retreat, and feed on them communally. In spite of this 
high degree of intimacy, the females still construct and 
guard their egg sacs individually. 
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FIGURE 7-9. A communal nest of the South American theridiid spider Anelosimus eximius in 
the vegetation of a coffee plant. The central retreat is constructed of a clump of dead leaves en- 
veloped in silk webbing (redrawn by Sarah Landry; from Simon, 1891). 
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The Theridiidae are also notable for the exceptional 
intimacy of their parental care. According to Kaston 
(1965), some degree of maternal care is manifested by a 
large percentage of theridiid species. The females of some 
members of Theridion, for example T. sysiphum, feed their 
young by regurgitation and also allow them to share the 
prey. Ngrgaard (1956) has described what appear to be 
specialized forms of tactile communication between the 
mother T. saxatile and her spiderlings. The young remain 
in the mother’s web for about a month after hatching and 
feed simultaneously on the prey captured, almost 90 per- 
cent of which is ants. While still very young, they remain 
at the “nest” or retreat, located in the center of the tangled 
web, and the mother kills the prey. “If they walk too near 
the struggling ant, the female turns towards them and 
makes a characteristic movement with its forelegs. They 
seem to thrum on the threads like a musician plucking 
the strings of his instrument. The young respond to these 
‘thrumming’-movements instantly by an escape reaction: 
they run back to the nest.” When the young grow larger, 
they take part in the capture, and, instead of warning off 
the spiderlings, the mother appears to summon them with 
a new, “sweeping” motion of the forelegs. Ngrgaard gives 
the following example as typical. “An ant (F. pratensis) 
is presented to the spider. It sticks to a capture thread, 
and the spider reacts at once. It makes some tentative 
movements with its forelegs and climbs to the place where 
the ant hangs struggling to get loose. The spider touches 
the ant with its forelegs, then turns its back to the prey, 
and throws thread upon it. It leaves the prey and goes 
back again, at the same time making some peculiar 
‘sweeping’-movements over the web with its forelegs. Now 
the young swarm down the threads and gather round the 
ant at some distance. One by one they go to the ant, turn 
their backs to it, and throw some thread towards it. These 
threads do not reach the ant, however, on account of the 
small spiders hanging at too great a distance from the 
prey. More young arrive at the prey and carry out the 
‘enswathing’-reaction. One of the young grasps a hindleg 
of the prey and bites it in the joint between tarsus and 
tibia. The female comes down to the prey twice, but leaves 
it again after having made the ‘sweeping-’movement over 
the web with its forelegs.” Reciprocal communication 
occurs in the agelenid Coelotes terrestris. As in Theridion, 
the young spiderlings remain in the mother’s web for some 
time after they hatch. They are fed in part by regurgi- 
tation, which they actively elicit by stroking the mother’s 
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chelicerae with their palps. When the mother dies in the 
autumn, they feed on her body (Tretzel, 1961). 

The West African spider Agelena consociata is notable 
for having both quasisocial and subsocial habits, and is, 
in fact, as close to the brink of eusociality as any arthropod 
species known outside the Hymenoptera and Isoptera. It 
has been the subject of careful field and laboratory studies 
in Gabon by a group of French entomologists, including 
Pain (1964), Darchen (1965), Chauvin and Denis (1965), 
and Krafft (1966a,b; 1967). The webs are up to 3m in 
greatest diameter and are woven through shrubby vege- 
tation along the borders of rain forest. They consist of 
numerous sheets spun in an irregular manner by the 
hundreds of spiders that inhabit each nest. Small prey are 
captured and eaten singly by the individuals that happen 
to be closest at hand, but larger prey are pursued and 
killed by groups (see Figure 7-10). The Agelena are com- 
pletely friendly toward all their nestmates, frequently 
touching them with their legs and palps without any show 
of hostility. They also tolerate the introduction of mem- 
bers of other colonies, and Krafft found that under labo- 
ratory conditions they even accept individuals of Agelena 
labyrintheca, a solitary European species. An even more 
remarkable feature of the behavior of A. consociata is the 
treatment accorded the young. The spiderlings seldom join 
in hunting. They cluster in groups of 50 or more individ- 
uals in the dense silken retreats and wait for food to be 
brought to them. These groups are apparently true 
creches, for the adults show no sign of even being able 
to distinguish their own offspring, much less of singling 
them out for favored treatment. As Shear (1970) has 
suggested, discrimination is made even less likely by the 
fact that the egg mass laid by each female contains no 
more than 30 eggs, so that individual spiderling groups 
must contain the offspring of more than a single female. 
At least one advantage of social life accruing to A. con- 
sociata has been made clear by the notes of French ob- 
servers: when working in groups, the spiders are able to 
capture prey that would be too large for an individual 
to handle. This, it will be recalled, is the principal adaptive 
advantage associated with the origin of group foraging in 
the early evolution of the army ants (see Chapter 4). A 
second probable benefit is the added protection given 
colony members, especially the young, who can remain 
hidden deep within the silken retreats of the giant nests. 
Although spiderling mortality data are lacking, indirect 
evidence of a lower mortality rate is provided by the 
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FIGURE 7-10. Adults of Agelena consociata attack a cricket on their communal web, while the spiderlings wait 
nearby (original drawing by Sarah Landry; based on photographs by B. Krafft). 


existence of a lower natality rate. The sacs made by 
A. consociata each contain 20 to 30 eggs, whereas those of 
solitary Agelena species generally contain 50 to 100 eggs. 
Moreover, the rate of manufacture of egg sacs is not very 
high (20 to 100 present per nest at any given time), and 
the number of eggs that are viable appears to be quite 
low. Since mortality and natality are approximately equal 
in stable communities, it seems to follow that mortality 
in the A. consociata colonies is comparatively low. 

In a tiny Mexican species of the spider genus Oecobius 
civitas (Oecobiidae), Shear (1970) has discovered a form 
of quasisocial behavior that represents an advance in one 
particular aspect beyond A. consociata. The webs are only 
about 25 cm in diameter, but each contains between 110 
and 180 spiders in individual retreats. The species is 
unique among other known social spiders in that the 
females appear to construct a common egg sac. Each sac 


found in the nests by Shear contained more than 200 eggs. 
as opposed to the 2 to 10 eggs per sac that characterize 
solitary species of Oecobius, and surely far more than 
could be laid by any one female. The newly discovered 
case of the social Oecobius is a reminder that many sur- 
prises probably await students of spider biology who pay 
particular attention to social phenomena. Few species of 
spiders have been studied intensively anywhere in the 
world, and this is doubly true for such obscure, primarily 
tropical groups as the Oecobiidae. 


Conditions Favoring the Origin of 
Presocial Behavior 
The evidence shows that presociality is an eclectic and 


convergent evolutionary phenomenon, generated almost 
haphazardly in response to any one of a large set of 


Chapter 7 


independent environmental forces. Consider the special 
case of subsocial behavior. Elaborate forms of parental 
care are seemingly limited to situations where the physical 
environment is unusually favorable or where the physical 
environment is unusually harsh. “Ordinary,” intermediate 
environments do not seem especially to promote the evolu- 
tion of this kind of behavior. At the favorable pole we 
find a class of highly subsocial species that utilize food 
sources that are very rich but at the same time scattered 
and ephemeral: dung (Platystethus, Scarabaeidae), dead 
wood (Passalidae, Platypodidae, Scolytidae), and carrion 
(Necrophorus). These insects have adopted the bonanza 
strategy. When individuals “strike it rich,” they are as- 
sured of a more than sufficient food supply to rear their 
brood. They must, however, exclude others who are seek- 
ing to utilize the same bonanza. Territorial behavior is 
commonplace in all of these groups. Sometimes, as in 
Necrophorus, fighting leads to complete domination of the 
food site by a single pair. It is surely no coincidence that 
the males, and to a lesser extent the females, of so many 
of the species are equipped with horns and heavy mandi- 
bles—a generalization that extends to other bonanza 
Strategists which are not subsocial, for example, the 
Lucanidae, the Ceiidae, and many of the solitary 
Scarabaeidae. By the same token there is an obvious 
advantage to remaining in the vicinity of the food site to 
protect the young. Cleptoparasitism, or cuckooism, the 
deliberate substitution of an alien brood for the resident 
brood, accomplished by intruding females, is a constant 
danger. A great many beetle species, for example, are 
specialized as cleptoparasites on the nests of the ambrosia 
scolytoids; these include members of the brenthid tribes 
Calodromini, Pseudocephalini, and Taphroderini and 
curculionid genera Curanigus and Scolytoproctus. At the 
opposite extreme are subsocial species that are frequently 
threatened by difficult conditions in the physical environ- 
ment rather than by the onslaught of competitors in a 
physically desirable environment. Adults of the intertidal 
staphylinid Bledius spectabilis are forced to remain with 
their young constantly in order to prevent their suffoca- 
tion. West and Alexander (1963) have suggested that 
because the brachytrupine and gryllotalpine crickets nest 
in deeper soil and feed on moist vegetable material, their 
attendance is needed to reduce the important threat of 
invasion by fungi. The same consideration appears to hold 
for the subsocial earwigs. The clear implication from these 
examples is that subsocial behavior often permits the 
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utilization of parts of the physical environment that are 
too harsh to be penetrated by related, solitary species. 
The conditions that favor communal and quasisocial 
associations among adults are similar in certain respects 
to those that promote specialized parental care. The adult 
swarms of midges, mosquitoes, braconid wasps, coni- 
opterygid neuropterans, and many other kinds of insects 
clearly function to bring the sexes together for mating. 
The huge hibernating aggregations of chysomelid beetles 
are generally considered to serve the same end (Hagen, 
1962). But it is significant that these aggregations are 
unstructured. There is no division of labor, and commu- 
nication is, so far as is known, limited to aggregation and 
reproduction. Nonsexual gregarious behavior, in contrast, 
appears to have evolved as an adaptation to permit the 
utilization of parts of the environment that are denied to 
single individuals. We have already seen how it permits 
the larvae of certain sawflies to eat an unusually tough 
kind of foliage and to penetrate hard soil for pupation. 
It allows the spider Agelena consociata to prey on larger 
arthropods that would otherwise escape. Probably com- 
munal and quasisocial associations, which permit the 
manufacture of large common nests and retreats, give an 
added edge of protection from predators. This seems 
clearly to be the case for social spiders, even though the 
inference is hard to document in any quantitative way. 
Finally, what do the presocial arthropods tell us about 
the origin of eusocial insects? By providing a larger sample 
of evolutionary experiments they have made possible new 
and stronger insights into the ecological conditions under 
which early social evolution is most likely to occur. But 
the difficult theoretical problem of why some of these 
groups have not taken the final step to eusociality remains. 
Independent phyletic lines have repeatedly assembled 
most of the essential ingredients: long lives for the adults; 
cooperation and even division of labor among individuals; 
intimate relationships between adults and young involving 
specialized, reciprocal communication; the tendency to 
construct secure nests; and the mental capacity and me- 
chanical ability to manipulate and distinguish between 
brood and inert objects. Quite a few of the species require 
only reproductive division of labor among the adults—the 
existence of reproductive castes, perhaps together with a 
slight extension of the adult life span—to raise them to 
the level of the primitively eusocial bees and wasps. That 
they have not done so is an absorbing mystery that will 
provide a theme for later discussions in this book. 
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The Kinds of Castes 


insects as A coexistence of two or more functionally 
different castes ; within | the sar ‚same sex. The castes must be 
stable during one or more instars. In the social Hymenop- 
tera, including the ants, they are stable throughout the 
adult instar. It is also a strong rule, but perhaps not an 
ineradicable part of the definition of polymorphism, that 
all the castes make their appearance in the course of 
development of each normal, mature colony. Slight, con- 
tinuous variation in color, pilosity, spine shape, sculptur- 
ing, and so forth, if it does not meet these requisites, 
would not ordinarily be classified as polymorphism. Dis- 
continuous genetic morphs, of the kind exemplified by the 
yellow and black color phases of Leptothorax schaumi 
(Wesson and Wesson, 1940), are not classified as castes. 
Neither are pathological forms, no matter how deviant 
and bizarre. Worker ants characteristically change their 
work preferences with age, but this progression does not 
represent a change in physical caste. Although the concept 
of polymorphism is thus sharply defined with reference to 
social insects, the same term is used in many other ways 
in biology, often ambiguously (see the discussion of this 
point by Kennedy et al., 1961). Most commonly it denotes 
noncontinuous genetic variation within a population, and 
as such it is especially well entrenched in the literature 
of genetics. Consequently Mayr (1963) has proposed the 
alternate term “polyphenism” for nongenetic variation of 
the sort seen in the caste systems of social insects. But caste 
variation has been labeled as polymorphism at least as 
far back as Emery (1896), with little overlap into or con- 
fusion with the genetic usage, and a change hardly seems 
necessary now. 


Three basic female castes are found in the ants: the 
worker, the soldier, and the queen. I refer to them as basic 
because they exist usually, but not always, as sharply 
distinctive forms unconnected to other castes by interme- 
diates. The males constitute an additional “caste” only in 
the loosest sense. No certain case of true caste polymor- 
phism within the male sex has yet been discovered. Two 
forms of the male occur in some species of Hypoponera, 
but even in these cases they are not known to coexist in 
the same colony. Soldiers are often referred to as major 
workers, and the smaller coexisting worker forms as minor 
workers. Where soldiers exist in a species, minor workers 
are also found. The worker caste has been lost in many 
socially parasitic species, while in a few free-living species, 
especially in the primitive subfamily Ponerinae, the queen 
has been completely supplanted by workers or worker-like 
forms. In only a minority of species are all three female 
castes found together. All ant species, on the other hand, 
produce males in abundance as part of the normal colony 
life cycle. In other words, no case of obligatory parthe- 
nogenesis is known. 

In the course of evolution these castes have been elabo- 
rated in various, often striking ways. Sometimes the 
derived form bears little resemblance to the ancestral type, 
as, for example, the huge, bizarre queens of the army ants. 
Also, intermediates sometimes connect the basic female 
castes: ergatogynes between workers and queens; media 
workers between minor and major workers. Finally, para- 
sites living within the ant nests, or within the bodies of 
the ants themselves, can alter individuals of various of the 
castes into extraordinary pathological forms that lack 
functional significance in the society. 

Over the years a complex terminology has been con- 
structed to classify all these caste variants. W. M. Wheel- 


136 


Chapter 8 


FIGURE 8-1. The female castes and the male of the myrmi- 
cine ant Pheidole kingi instabilis. The worker caste is com- 
prised of continuously varying subcastes from the major 
worker (a) through media workers (b-d) to the minor worker 
(e, f). The queen (g) and male (h) are also shown (from 
Wheeler, 1910). 


er’s system, which was first proposed in 1907 and contains 
about 30 categories, was the most comprehensive and 
widely used for many years. Definitions of several of the 
terms quoted from Wheeler’s paper will give a sense of 
the nature of this classification: 


The macraner is an unusually large form of male which occa- 
sionally occurs in populous colonies. 


The micraner, or dwarf male, differs from the typical form 
merely in its smaller stature. 


The dorylaner is an unusually large male form peculiar to the 
driver and legionary ants of the subfamily Dorylinae (Dorylus 
and Eciton). It is characterized by its large and peculiarly 
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modified mandibles, long cylindrical gaster and singular geni- 
talia. It may be regarded as an aberrant macraner that has come 
to be the typical male of the Dorylinae. 


The phthisaner is a pupal male which in its late larval or semi- 
pupal state has its juices partially exhausted by an Orasema larva 
... The wings are suppressed and the legs, head, thorax, and 
antennae remain abortive. 

The phthisogyne arises from a female larva under the same 
conditions as the phthisaner, and differs from the typical female 


in the same characters, namely absence of wings, stenonoty, 
microcephaly and microphthalmy . .. 


The plerergate, “replete,” or “rotund,” is a worker which in its 
callow stage has acquired the peculiar habit of distending its 
gaster with stored liquid food (“honey”) till this portion of the 
body is a large spherical sac and locomotion becomes difficult 
or even impossible . .. 

The pterergate is a worker or soldier with vestiges of wings on 
a thorax of the typical ergate or dinergate form, such as I have 
described in certain species of Myrmica and Cryptocerus. 


Few myrmecologists have had the patience to follow 
Wheeler in distinguishing plerergates from pterergates or 
phthisogynes from phthisaners, but some of the more 
unusual caste terms have been used with varying fre- 
quency in the literature. This purely semantic means of 
analyzing polymorphism has not been successful. During 
his lifetime and especially in his last work on the subject 
in 1937, Wheeler believed he had found good reasons for 
multiplying and naming every qualitatively distin- 
guishable category. On the one hand he considered the 
parasitogenic forms to be distinctive enough and rare 
enough to fit easily into the system. More important, 
however, he believed—erroneously—that most nonpara- 
sitogenic castes arise directly by genetic mutations. He saw 
no difference between normal functional castes and true 
anomalies. All except the queen and typical males were 
basically anomalous forms to Wheeler, and he referred 
to his categories alternately as castes, phases, and anoma- 
lies. In a reevaluation of Wheeler’s system, Wilson (1953) 
concluded that some of the names are superfluous, some 
are for practical purposes synonymous, and some are but 
stages in an allometric progression. He proposed the 
much-simplified, new classification given in modified form 
below. 

1. Male. Ordinarily possessing a generalized hymenop- 
terous thorax and fully developed, nondeciduous wings. 
Wingless in the ergatomorphic form in some free-living 
and mildly parasitic species (see below) and in less 
worker-like form in many extreme parasitic species such 
as Crematogaster (Apterocrema) atitlanica and the mem- 
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bers of Anergates. the “Wheeleriella” group of Monomo- 
rium, Symmyrmica, and Teleutomvrmex. In Hypoponera 
eduardi and H. opaciceps, both alate and ergatomorphic 
forms are known. but they do not oceur in the same 
colonies. R. W. Taylor (1967) has hypothesized that in the 
two Hypoponera species the same colonies produce 
ergatomorphs while young and alates when older and 
larger. It is equally within the realm of possibilitv that 
the two male forms represent different genetic morphs or 
even different sibling species. 

2. Ergatomorphic (or ergatoid) male. With normal male 
genitalia and a worker-like body. The anterior portion of 
the body converges so close to that of the worker in a few 
species that it may eventually be shown. as Wheeler has 
suggested, that the ergatoids are actually persistent 
gynandromorphs, that is, anterior-posterior mosaics of 
male and female tissue. Known in species of Hypoponera, 
Cardiocondyla, and Formicoxenus (see Figure 8-2). 

3. Queen. The fully developed reproductive female, 
possessing a generalized hymenopterous thorax and 
functional but deciduous wings. The queen is often re- 
ferred to loosely as “the female” of the colony. The term 
gyne was used synonymously with queen by Wheeler 
(1907b). Brian (1957c) has emploved it to denote more 
specifically “a sexual female that is not socially a func- 
tional reproductive,” a confusing secondary application 
that is unlikely to be widely accepted. 

4. Worker. The ordinarily sterile female. possessing 
reduced ovarioles and a greatly simplified thorax, the nota 
of which are typically represented by no more than a 
single sclerite each (Tulloch. 1935). Including, in the 


FIGURE 8-2. An ergatomorphic male of Hypoponera eduardi 
mating with a worker in the nest (from Le Masne. 1956a). 
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broadest sense, both minor workers and soldiers in species 
where these two subeastes occur together. 

5. Soldier. The largest worker subeaste, usually posses- 
sing a disproportionately large head. Subeastes in a con- 
tinuous polymorphic worker series are designated ap- 
proximately according to their size as the major (soldier). 
media, and minor. In some species the media subeaste 
drops out. and the soldiers and minor workers are sepa- 
rated by a wide morphological gap. In this case, the soldier 
is referred to as a full caste. 

6. Ergatogyne. A form intermediate between the werker 
and the queen. In a very few species the true queen caste 
persists, and the ergatogvnes form a graded series between 
it and the typical workers. Such an ergatogynic progres- 
sion is most often encountered in social parasites that have 
a degenerate worker caste represented by a small number 
of individuals, but it also occurs in some free-living species 
of Chelaner and Monomorium. In vet other species the 
ergatogyne replaces the queen entirely and is net con- 
nected to the worker caste by a graded series. The second. 
truly functional type of ergatogvne is especially common 
in the primitive genus Myrmecia and in the subfamily 
Ponerinae. Haskins and Haskins (1955) have pointed out 
that this tendency is partly correlated with the tendency 
of the queens of primitive ants to forage for food outside 
the nest during colony founding. In higher ants, claustral 
colony founding is the rule, and queens usually must rear 
their first brood entirely on the reserves contained in their 
own fat bodies and degenerating flight muscles. Hence. 
fully differentiated queens are a necessity when colonies 
are founded claustrallv. Ergatogynes do occur in some 
free-living higher ants. Thev are the rule, for example. in 
the aberrant dolichoderine genus Lepromvrmex (Wheeler. 
1934) and in the legionary cerapachvines and dorvlines 
(Wilson, 1958b). They are also the sole form of repro- 
ductive in a high percentage of the endemic species of 
New Caledonia, belonging to such phylogenetically ad- 
vanced genera as Chelaner. Lordemyrma, Prodicroaspis. 
and Promeranoplus. New Caledonia is an old, very iso- 
lated island, and ergatogvny in its ants corresponds to the 
flightlessness found so commonly among the endemic 
species of birds and insects on oceanic islands. Where 
ergatogynes have replaced true queens in higher ant spe- 
cies, it seems logical to predict that either workers accom- 
pany the ergatogynes during colony founding. or else the 
ergatogynes have reverted to foraging on their own. Field 
studies of such cases remain to be conducted. Many 
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ergatogynes of the second, truly functional class show a 
divergent trend away from the normal queen-worker 
series in that the development of the gaster and post- 
petiole outpaces the development of the thorax and head. 
Such variants possess a gaster that approaches (or sur- 
passes) in size that of the typical queen, while the thorax 
and head are only slightly ergatogynic. These intercastes 
either serve as complementals or replace the normal 
queen. 

7. Dichthadiiform ergatogyne. This caste is the extreme 
stage of the phylogenetic trend toward enlargement of the 
gaster in the ergatogyne. The total size is greatly increased, 
the gaster is huge, and the postpetiole is expanded to the 
extent that it has come secondarily to resemble the first 
gastric segment (see Figures 4-22,30). One gets the im- 
pression of a greatly increased allometric growth in the 
posterior part of the body, with a growth center located 
in the gaster and a growth gradient declining anteriorly 
to enlarge also the petiole and propodeum. In addition, 
the head is broadened and rounded, the mandibles are 
often falcate, and the petiole is commonly bilaterally 
cornuate. Dichthadiiform females occur exclusively in 
groups with a legionary mode of life. The extreme devel- 
opment is seen in the subfamilies Dorylinae and Lep- 
tanillinae and the ponerine genus Onychomyrmex (Wilson, 
1958b). An intermediate stage in the evolution of this form 
can be seen in the ergatogynes of the ponerine Acanthos- 
tichus quadratus and species of Simopelta (Gotwald and 
Brown, 1966). 


The Evolution of Castes 


It was Karl Escherich who, in 1906, first clearly distin- 
guished two very different ways of analyzing the poly- 
morphism of social insects. He pointed out that one can 
trace the evolution of castes from undifferentiated proto- 
types by the comparison of species, or one can identify 
the physiological events that determine caste in individual 
larvae belonging to a single species at some given evo- 
lutionary stage. Considerable progress in both the phylo- 
genetic and physiological approaches has been made since 
1950. Let us begin here with a consideration of the evolu- 
tion of female polymorphism. 

Huxley (1932), in the course of his investigations on 
relative growth in animals, conjectured that some ant 
castes might be determined simply as a consequence of 
allometric growth (which he called heterogonic growth). 
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Allometry is defined as the following precise relation 
between the dimensions of two body parts: 


log y = log b + a log x 
or, equivalently, 
Vo 


where y and x are measures of the two body parts and 
a and b are constants. On a double logarithmic plot the 
relation forms a straight line. Its slope a is determined 
by the rate of divergence of the two body parts with 
increasing total size and can be referred to as the allomet- 
ric constant. If a is equal to unity, no divergence takes 
place with an overall increase in size; the growth is then 
referred to as isometric. The greater the departure of a 
from unity, the more striking the differential growth. 
Much of relative growth throughout the animal kingdom 
is allometric, and there is an almost disturbingly simple 
hypothesis available to explain why. Organs, like orga- 
nisms and populations, tend to grow exponentially. In 
growth studies on the dimensions x and y of the same 
or differing organs, any common factor ®(t) affecting 
transformation rates is easily eliminated, and the number 
of equations is reduced by one. If the system is a simple 
one, 


Q 


1 dy 1 dx 
Fi aD) a BŒ(:) 
leading to 


dlog y = F dlog x 


which is solved to produce the Huxley allometry equation 
with 
C= o 


Skellam, Brian, and Proctor (1959) found that in Myrmica 
rubra the imaginal discs of the wings and legs actually 
do grow in this simple, relative fashion during adult de- 
velopment of queens and males. As a result these organs 
predictably conform to the Huxley allometry equation in 
the final adult stage. 

Wilson (1953) established that the Huxley equation 
applies almost universally to continuous variation in 
worker hard parts throughout the major ant groups. The 
comparative study of allometry has since proven fruitful 
in the tracing of the evolution of castes. Most studies have 
concentrated on the parts of the body that show the 
greatest degree of allometry: the head in the case of 
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variation within the worker caste, and the alitrunk in the 
case of ergatogynes. Van Boven (1958) and Hollingsworth 
(1960) have undertaken comparative analyses of allo- 
metric trends in multiple body dimensions in species of 
Anomma, Lasius, and Formica. 

Polymorphism, as this research has now led us to un- 
derstand it, can be interpreted as a function of two varia- 
ble characters of the adult females of any species: allo- 
metric growth series and intracolonial size variation. In 
its most primitive and indistinct stages, relative growth, 
almost always allometric, is the key quality to look for, 
and in 1953 I suggested the following definition: poly- 
morphism is the occurrence of nonisometric relative growth 
occurring over a sufficient range of size variation within a 
normal mature colony to produce individuals of distinctly 
different proportions at the extremes of the size range. 

All degrees of allometry within the worker caste of 
single colonies can be demonstrated in one ant species or 
another, grading downward almost insensibly into abso- 
lute monomorphism. Each of the most prolific students 
of ant taxonomy, notably Emery, Forel, and Wheeler, 
had his own idea of approximately where monomorphism 
stopped and polymorphism started, with the result that 
all rarely agreed on the status of feebly polymorphic 
species, and each tended to judge the matter according 
to how carefully he had examined the material before him. 
Within the gradient of increasingly allometric species, it 
is impossible to draw a precise limit of polymorphism that 
will at the same time agree with previous usage and 
remain consistent throughout. It seems necessary to set 
as a minimum standard the possession of detectable in- 
tranidal allometry. This loose criterion is reasonably 
consistent with past usage; in many species which are 
generally considered to be polymorphic, such as Lasius 
fuliginosus and many of the species of Dorylus and 
Anomma, the allometry is very slight, but it is combined 
with intranidal size variation great enough to develop it 
plainly in normal, mature colonies. 

Besides nonisometric relative growth, there is another 
important general feature of caste variation. Some 
myrmecologists, including Falconer Smith (1942), Cole 
and Jones (1948), and Haskins and Haskins (1950a) have 
stressed the multimodality in the size-frequency curves, 
implying that castes, or at least subcastes, might be defined 
as modes in the curves. In other words, as workers in 
certain size groups become more numerous and those in 
intermediate size groups less numerous, the more frequent 
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size groups, each clustered about a mode in the frequency 
curve, might be distinguishable as a caste. This is partly 
true. The measurements of Wilson (1953) show that 
bimodality in the worker size-frequency curve, emerging 
in evolution from a skewed unimodal condition, follows 
closely upon the development of intranidal allometry and 
is correlated with later changes in the allometric regression 
curve. Trends toward the development of more than two 
modes are rare, however, and many strongly polymorphic 
species are still unimodal. Let us now examine the joint 
evolutionary changes in allometry and size-frequency 
curves that have brought about the emergence of sub- 
castes within the worker caste. Five steps can be recog- 
nized: 

1. Monomorphism. The workers of the normal mature 
colony are either isometric or show limited size variability, 
or both, and their frequency distribution is unimodal. A 
typical example is illustrated in Figure 8-3. The worker 
castes of most ant genera and species are monomorphic, 
and, in the majority of the cases, monomorphism repre- 
sents the primitive state. In a few groups—the myrmicine 
genera Carebara, Carebarella, and Tranopelta—mono- 
morphism appears to be secondary, however. Phylogeneti- 
cally, it has succeeded some development of polymor- 
phism and was produced by a dropping out of a large 
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FIGURE 8-3. The worker caste of the formicine ant species 
Formica exsectoides exhibits monomorphism of the primitive 
type. The body parts are all isometric with reference to one 
another, or nearly so, as exemplified here by the relation of 
head width to pronotal width. Also, the size-frequency curve 
(displayed as the blacked-in histogram) is unimodal (from 
Wilson, 1953). 
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FIGURE 8-4. The workers of the formicine Camponotus 
castaneus show a typical elementary form of polymorphism. 
Some of the body parts are allometric; in other words, they 
increase or decrease in relative size with an increase in total 
body size. Head width, in the example given here, increases 
faster than pronotal width, while pronotal width is isometric 
with reference to most of the rest of the body. The allo- 
metry is “monophasic,” that is, the slope of the relative 
growth curve remains constant. The size-frequency curve is 
incipiently bimodal (from Wilson, 1953). 


part of the upper segment of the size variation. This results 
in a caste that is even more uniform than the workers of 
related, primarily monomorphic species. 

2. Monophasic allometry. The allometric regression line 
has a single slope which is greater or less than unity 
(nonisometric). The example from Camponotus illustrated 
in Figure 8-4 is typical. In the most elementary form of 
monophasic allometry, and hence of worker polymor- 
phism generally, feeble nonisometric variation is displayed 
over a short range of size variation, which in turn shows 
a unimodal frequency. This is a common condition in ants 
and is exemplified in such diverse forms as the army ant 
Neivamyrmex nigrescens and the formicines Formica ob- 
scuripes and Lasius fuliginosus. An apparently later de- 
velopment in this stage of worker polymorphism involves 
an increased dispersion of the frequency curve for size 
and a marked tendency toward bimodality. This is the 
typical condition in many genera that are often cited in 
the literature as showing elementary polymorphism, in- 
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cluding Megaponera, Orectognathus, Azteca, and Campo- 
notus. Within Camponotus, at least, polymorphism has 
been demonstrated to be correlated with intracolonial 
division of labor. Of the various manifestations of non- 
isometric relative growth in the worker caste, the simple 
monophasic form is the most common. 

3. Diphasic allometry. The allometric regression line, 
when plotted on a double logarithmic scale, “breaks” and 
consists of two segments of different slopes meeting at an 
intermediate point. The polymorphism of the fungus- 
grower genus Atta provides a striking example (Figure 
8-5). Another well-analyzed case is the driver ant Anomma 
nigricans (Hollingsworth, 1960). In the several species 
where this condition has been demonstrated, the size- 
frequency curve is bimodal, and the low point between 
the two frequency modes falls just above the critical point 
of the break. Diphasic allometry appears to be a mecha- 
nism allowing the stabilization of the body form in a small 
caste, while at the same time providing for the production 
of a markedly different soldier caste over a slight size 
increase. The lower segment of the allometric regression 
line is nearly isometric, so that individuals falling within 
a large portion of the size range tend to be uniform in 
structure, but the upper segment is strongly allometric, 
with the result that a modest increase in size yields a new 
morphological type. 

4. Triphasic allometry. The allometric regression line 
“breaks” at two points and consists of three segments; the 
two terminal segments have slight to moderately high 
slopes, and the middle segment has a very high slope. The 
effect of triphasic allometry is the stabilization of body 
proportions in both the major (soldier) and minor castes. 
It is conceivable that in the course of evolution this condi- 
tion can succeed diphasic allometry, which first stabilizes 
the minor caste, or it can emerge directly from monopha- 
sic allometry. Triphasic allometry is exemplified in at least 
three living species, the myrmicine Pheidole rhea and the 
formicines Camponotus floridanus and Oecophylla smar- 
agdina, the last of which is illustrated in Figure 8-6. All 
three approach complete dimorphism, with very few in- 
termediates in a given nest series connecting the curves 
about the two modes. In each case the trough between 
the frequency modes occupied by medias corresponds 
almost exactly to the middle segment of the allometric 
regression line, as shown in Figure 8-6. The medias are 
not only rare, but are more variable in proportions than 
the minors and soldiers. Yet one cannot conclude from 
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FIGURE 8-5. Workers of the fungus-growing ant Atta texana show a polymorphism somewhat advanced over 
Camponotus castaneus (see Figure 8-4). Here the allometry is diphasic, meaning that the relative growth curve 
changes slope (at point B). This change is an adjustment to accommodate the great size variation shown by the 
species. If the slope of the lower segment of the curve were as high as that of the upper segment, the smallest 
workers would have the monstrous head shape (X) in the lower right hand corner of the figure (from Wilson, 


1953). 


this fact that triphasic allometry is itself unstable or in 
any sense a brief stepping stone on the road to complete 
dimorphism. Wilson and Taylor (1964) have found nearly 
identical allometry and frequency patterns in a colony of 
the Miocene ant Oecophylla leakeyi (Figure 8-7). This 
colony, which was preserved as a unit in East Africa and 
is the only fossil colonial assemblage of any kind in insects 
that has yet come to light, shows that the distinctive 
Oecophylla morphology and caste pattern have persisted 
with no major change for a period of over 10 million years. 

5. Complete dimorphism. Two separate size classes exist, 


separated by a gap in which no intermediates occur. Each 
class is nearly isometric, but the allometric regression 
curves are not aligned, which strongly suggests that this 
condition can arise directly from triphasic allometry. Ex- 
amples include most queen-worker divisions and a great 
many major-minor divisions in a diverse array of genera 
in the higher subfamilies. Complete dimorphism has 
clearly evolved independently at least seven times, or, 
more specifically, at least once in each of the following 
seven genera: the myrmicines Pheidole, Oligomyrmex, 
Acanthomyrmex, Paracryptocerus; the dolichoderine 
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FIGURE 8-6. In Oecophylla smaragdina the allometry is tri- 
phasic, that is, three different slopes are shown by such allo- 
metric characters as scape length taken as a function of body 
size (in this case represented by head width). The size- 
frequency curve is bimodal, with majors predominating. The 
heads, mesosomas, and petioles of selected minor and major 
workers are also shown (from Wilson, 1953). 


Zatapinoma; and the formicines Camponotus (subgenera 
Tanaemyrmex and Colobopsis) and Pseudolasius. Once 
complete dimorphism is established, the two resultant 
castes are capable of diverging further in some parts of 
the body, with no evident intergradient allometry. Pro- 
found changes may then ensue in the appearance or size 
of one or both of the castes, so that their original rela- 
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tionship might never be suspected were earlier phylo- 
genetic stages not still exhibited by other species in the 
same genus or subfamily. In a few phyletic lines the heads 
of the soldiers come to surpass in size those of the queens 
(for example, Pheidole, Messor, and Camponotus), while 
in at least one other line the queen has regressed in total 
size to become smaller than the average worker (Formica 
microgyna group). Acanthomyrmex contains species in 
which some nonallometric parts of the soldier are equal 
in size to those of the minor worker, or smaller. It seems 
to be a rule among ants that once the secondary diver- 
gence of completely segregated castes becomes profound, 
the physiological thresholds separating them are no longer 
capable of being bridged to produce viable intercastes. 
Thus intergrades between soldiers and queens, between 
minor workers and queens, and even between strongly 
divergent soldiers and minor workers, are relatively rare. 
Soldier-queen intergrades have been reported in the genus 
Oligomyrmex (Kusnezov, 1951a), and soldier-minor 
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FIGURE 8-7. The pattern of polymorphism is shown in a 
fossil colony of Oecophylla leakeyi from the Miocene of Kenya. 
A comparison with the pattern of the living O. smaragdina pre- 
sented in Figure 8-6 demonstrates that the same aberrant caste 
system has persisted in Oecophylla for at least 10 million years 
(from Wilson and Taylor, 1964). 
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FIGURE 8-8. The inferred pathways in the evolution of polymorphism in ants (from Wilson, 1953). 
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worker intermediates are found naturally in some species 
of Pheidole (see Figure 8-1). Another general feature of 
complete dimorphism is that it can be expressed in one 
character, but not in another. In the queen-worker diver- 
gence, for example, the alitrunk becomes dimorphic at a 
phylogenetically early stage, but recurrent allometric 
trends in the head may continue to link the two castes 
by a monophasic regression line. 

Other characteristics besides the measurable hard parts 
are subject to dimorphism. In their study of Pheidole 
fallax, Law et al. (1965) have shown just how profound 
and extensive the divergence can be. The soldier of 
P. fallax, like that of all species in the genus, is radically 
different in external proportions and sculpturing from the 
minor worker. Within its abdomen, the soldier has a 
hypertrophied poison vesicle containing skatole, a fetid 
liquid employed in chemical defense. Dufour’s gland is 
greatly atrophied or even missing; and, as a result, the 
soldier cannot lay odor trails. The minor worker, on the 
other hand, has a normal-sized poison vesicle, which does 
not contain skatole, and a hypertrophied Dufour’s gland, 
which serves as the source of the odor trail. Outside the 
nest the soldier is concerned mostly with defense, in which 
it employs skatole, while only the minor worker lays odor 
trails. 

From species to species through the ants the worker 
caste displays virtually every conceivable step in a transi- 
tion from complete monomorphism to complete dimor- 
phism. Certain taxonomic groups embrace large parts of 
the evolutionary sequence by themselves. For example, 
various species of the tribe Ponerini display all nuances 
from monomorphism to strong monophasic allometry. A 
few genera related to Pheidole contain nearly every stage 
from monomorphism to dimorphism. Comparative studies 
of groups such as these have led to the schema shown in 
Figure 8-8. 

While the evolutionary pathways of polymorphism 
within the worker caste can be worked out with some 
confidence, we can only guess at the manner in which the 
worker caste originated from a queen-like form in the first 
place. The reason is that all ant taxa, even the primitive 
Amblyoponini and Myrmeciinae, display a sharp queen- 
worker dimorphism as a primitive character. The pre- 
formicids that traversed the early stages of worker evolu- 
tion are apparently all extinct and still unknown in the 
fossil state. Occasionally, however, the queen-worker gap 
within the ants breaks down secondarily, and we are 
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permitted a glimpse of the innate allometric trends that 
still separate the two castes. One such example is shown 
in Figure 8-9. It can be seen that this curve is diphasic. 
It resembles in important respects the diphasic curve 
joining the worker subcastes of Atta texana (Figure 8-5); 
namely, the lower segment has a slope of about unity, 
yielding a uniform worker caste, and the upper segment 
is steeper, yielding the fully formed queen caste over a 
small increase in total size. 

Although queen-worker dimorphism is a primitive and 
nearly universal trait in the ants, a great deal of variation 
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FIGURE 8-9. In a few ant species, such as Chelaner cinctus 
represented here, intergrades between the queen and worker 
castes have evolved secondarily. The intermediates ( “ergato- 
gynes” ) display diphasic allometry of a kind similar to that 
differentiating worker subcastes in some ant species. The phe- 
nomenon lends support to the idea that the original worker 
caste in primitive ants could have originated in the same fash- 
ion as the later worker subcastes (from Wilson, 1953). 
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occurs in the degree of separation of the two castes. In 
general, the most advanced ant taxa manifest the strongest 
difference. In the primitive genus Myrmecia, the queens 
are not much larger than the largest workers and are 
morphologically nearly identical to them except for their 
larger ovaries, possession of wings, and great development 
of the meso- and metathorax. Intercastes are common in 
certain species in the genus and, with respect to the ali- 
trunk, fall along a steep incline of the allometric curve 
connecting the two castes. Queens and workers also closely 
resemble each other in most species of the primitive sub- 
family Ponerinae and in certain primitive genera of higher 
subfamilies, for example, Hylomyrma and Myrmica in the 
Myrmicinae, Dolichoderus s. str. in the Dolichoderinae, 
and Myrmoteras in the Formicinae. The two castes are 
most different in groups possessing one of three kinds of 
adaptations: the queen has transformed into a dichthadi- 
iform ergatogyne as an adaptation to legionary life (see 
Chapter 4); the queen has become a social parasite (see 
Chapter 19); or the worker caste has itself undergone 
an extreme modification, usually in connection with the 
evolution of a distinct soldier caste. In extreme cases it 


FIGURE 8-10. A winged, recently fecundated queen of the 
African ant Carebara vidua, carrying two minute, blind workers 
attached to her tarsal hairs (from Wheeler, 1936a). 
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is difficult or impossible for the taxonomist to place the 
worker and queen castes in the same species until they 
are found associated in the same nest. The tiny, yellow, 
cryptobiotic workers of Carebara and related genera, for 
example, are radically different from their huge, pig- 
mented queens. In fact, the workers of Carebara are so 
much smaller that some catch a ride with each queen on 
her nuptial flight (Figure 8-10). The queen enters a termite 
nest after the nuptial flight and is presumably assisted by 
her little sisters in the rearing of the first brood. To what 
extent the workers secure food by raiding the host termite 
colony is not known. The queens of Rhoptromyrmex, 
which are believed to be temporary social parasites of 
other myrmicines, are so modified in basic external 
morphological characters that a taxonomist, unaware of 
their true identity, would probably place them in a differ- 
ent genus from the workers (Brown, 1964b). 


Determination of the Female Castes 


The polymorphism of a given species is a pattern of 
variation that was shaped by evolution and is displayed 
by each colony in the course of its life cycle. We may now 
ask what it is that determines the position of the individual 
insect within the pattern; in short, what determines caste? 
This problem is important not only with reference to social 
insects. It has also figured prominently in the history of 
biology, and it is best introduced with a brief chronology 
of ideas. 

Prior to about 1950 the problem seemed to resolve itself 
into a set of two simple alternatives. The question was 
posed essentially as follows: is caste determined geneti- 
cally, that is, does each caste arise as a response to a 
particular set of genes, or is a given caste merely a phase 
of a very plastic phenotype controlled by a single set of 
genes? If the latter, phenotypic explanation is true, then 
determination can occur either in the embryo located 
within the egg (blastogenesis in the modern sense) or else 
in the larva. If determination occurs in the larva, it seems 
likely that nutrition must play a role; hence, the expression 
trophogenesis has been used almost synonymously with 
larval determination. Finally, if control is blastogenetic, 
it is still possible that nutrition, in the form of yolk or other 
ovarian nutrient material supplied the embryo, might be 
crucial in some way. 

These alternatives first began to take shape in Darwin’s 
Origin of Species. His theory of natural selection led him 
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to propound two novel ideas: nongenetic caste determi- 
nation and evolution by colony selection. Darwin had 
reason to be deeply concerned with the problem of castes 
in ants. He regarded their existence as the greatest chal- 
lenge to his theory of natural selection. In developing the 
argument that natural selection does indeed serve as the 
main evolutionary mechanism in the origin of castes, he 
first observed that Lamarckian evolution, or evolution by 
means of the inheritance of acquired characteristics, 
could not possibly be involved. “For no amount of exer- 
cise, or habit, or volition, in the utterly sterile members 
of a community could possibly have affected the structure 
or instincts of the fertile members, which alone leave 
descendants. I am surprised no one has advanced this 
demonstrative case of neuter insects, against the well- 
known doctrine of Lamarck.” Darwin proposed that se- 
lection acts on the fertile parents alone and that the sterile 
worker castes are to be regarded as no more than highly 
plastic expressions of the parents’ own genetic structure. 
The quality specifically subject to selection is the parents’ 
ability to produce a variable, sterile, and efficient set of 
offspring which promote their personal survival and 
thereby enhance their ability to contribute to the next 
generation of fertile offspring. In other words, selection 
occurs at the colony level since the genotype can be trans- 
mitted only by fertile individuals. (Colony selection will 
be treated more fully in Chapters 17 and 18.) It seems 
to follow that the caste of individual social insects must 
be environmentally determined. 

The genetic implications of ant castes were reexamined 
during the debate over evolutionary theory conducted by 
Herbert Spencer and August Weismann in the pages of 
the Contemporary Review, from February 1893 to October 
1894. Weismann, in order to make his own theory of the 
germ line wholly consistent, argued that each caste is 
controlled by a different set of genetic “determinants.” 
Every member of the colony, he reasoned, has every set 
of determinants, but only one is activated in a given 
individual. Thus was born a genetic hypothesis, or a the- 
ory of “blastogenesis” as it was often called in the days 
before the clear distinction was made between true genetic 
and embryonic determination. Spencer believed, on the 
other hand, that workers are simply individuals rendered 
dwarf and sterile by starvation during their larval period. 
Emery (1894) adopted a similar view, but one refined by 
the notion that the basic castes are determined by differ- 
ences in quality of food while subcastes in continuous 
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series are determined by food quantity. The Spencer- 
Emery thesis was the beginning of the “trophogenesis” 
theory. This form of the dichotomy between blastogenesis 
and trophogenesis now seems curiously antiquated and 
ineffective. Indeed, as Wheeler pointed out in 1907, the 
Weismann hypothesis is no choice at all but only a “mir- 
ror” of the original problem. Nevertheless, the dichotomy 
dominated thinking on the subject for the next sixty years. 

Empirical evidence was slow in coming. The first ex- 
periments were few in number and usually lacked con- 
trols. Even so, the results obtained are mostly consistent 
with our present understanding of caste determination. 
J. H. Hart, quoted by Herbert Spencer in 1894, reported 
that when queens of fungus-growing ants were removed, 
new queens developed in the colonies. Similar results were 
reported by Emery (1921) for Aphaenogaster testaceopilosa 
and Pheidole pallidula. In later, better-designed experi- 
ments, Gregg (1942) discovered that soldiers of Pheidole 
morrisi tend to inhibit transformation of larvae into their 
own caste, a result paralleling the well-known inhibition 
phenomenon in lower termites. Gregg’s data do not dis- 
close whether the effect is due to an inhibitory pheromone, 
as in the termites, or to the simple ineffectiveness of sol- 
diers as nurses permitting them to rear only minor 
workers. But they do seem to prove that soldier determi- 
nation is phenotypic rather than genotypic. 

Ezhikov (1934) reported that some larvae of Campo- 
notus transformed to ergatogynes when starved. Goetsch 
(1937a) obtained some soldiers from Pheidole pallidula 
larvae fed on flies, but none from a similar group which 
was fed only sugar or honey. In another, suggestive ex- 
periment Goetsch introduced eggs from colony-founding 
P. pallidula queens to larger, older colonies where nor- 
mal-sized workers were being reared. Despite the richer 
environment, dwarf-sized minor workers typical of first 
brood were obtained. This appears to be the first demon- 
stration of some form of ovarian, or truly blastogenic 
influence. 

Wesson (1940a) invented a technique, later employed 
routinely by Bier and Gösswald in their work on Formica, 
for tracing individual larvae during development in a 
normal colony. He introduced larvae of the yellow Lepto- 
thorax curvispinosus into colonies of the black L. longi- 
spinosus lacking a queen and brood. This permitted a sure 
distinction between the experimental workers and their 
hosts. When the curvispinosus larvae were fed an excess 
of protein-rich food through their hosts, they produced 
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a higher percentage of queens than those kept on minimal 
growth diets. Moreover, larvae kept dormant for five 
months at 2°C were capable of transforming into queens, 
whereas those reared straight through in the summer 
months were not able to do so, no matter how rich their 
diet. This was the first demonstration of a vernalizing 
factor in the caste determination of social insects. 

At about the same time, Wheeler (1937) became con- 
vinced that castes are genetically determined. He was 
converted to this point of view by the discovery of “gyner- 
gates,” or individuals containing patches of tissue of both 
the queen and worker castes. One such anomaly in 
Myrmecia had earlier been described by Tulloch (1932). 
Then N. A. Weber discovered 46 gynergates in a colony 
of Acromyrmex octospinosus, and an even larger number 
in a colony of Cephalotes atratus. In analyzing the Acro- 
myrmex gynergates submitted to him by Weber, Wheeler 
(1937) found that they had normal soldier bodies with 
heads seemingly divided into soldier and queen compo- 
nents. He concluded that they were genetic mosaics no 
different in type from true gynandromorphs, and that 
female castes must therefore in some way be genetically 
determined. In the year following, Whiting (1938) offered 
an alternative explanation which is the one generally 
accepted today. He pointed out that the Acromyrmex 
mosaics were quite different from true gynandromorphs 
as recognized in other Hymenoptera. The ant mosaic 
patterns were all limited to the head and more or less 
regularly disposed, while in true gynandromorphs the 
male and female components vary in extent and are 
distributed at random over the entire body. Whiting pro- 
posed that Wheeler’s mosaics were likely to be intersexes 
of the type described in the moth Porthetria dispar, and 
that the head alone was affected because this was the only 
part not past the initial threshold when the transition from 
femaleness to maleness began. It follows that the inter- 
caste condition of the head results secondarily from the 
shift of the entire sex toward maleness; in other words, 
the sex shift pulls the head away from the worker state 
and toward queenness. 

Ledoux (1950) presented a simple but conclusive dem- 
onstration of the nongenetic basis of female castes in the 
weaver-ant Oecophylla longinoda. He showed that parthe- 
nogenetic, diploid eggs laid by workers can produce either 
queens or workers, and in addition the determination 
appears to occur within the first few days of larval life. 
Older, queen-determined larvae are white in color, sac-like 
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in shape, and have a mobile head separated from the body 
by a cuticular fold. Indirect evidence from Ledoux’s work 
suggests that the presence of a functional queen tends to 
prevent young larvae from taking this course of develop- 
ment. 

Thus, by 1950 a modest amount of evidence had accu- 
mulated to indicate that the female castes are determined 
by environmental rather. than genetic factors. Further, it 
was already apparent that although larval nutrition is 
important, other kinds of influences are involved. The 
need for detailed experimental studies on the whole life 
cycle of selected ant species has been met in part by the 
work of M. V. Brian and his associates in England on 
Myrmica, and that of K. Bier and K. Gösswald in Ger- 
many on Formica. An evaluation of this work follows. 

The Genus Myrmica. Some confusion surrounds the 
identity of the species studied by Brian because of no- 
menclatural changes from the time of his first report 
(1951) to the present. The changes have been required due 
to taxonomic revisions of the British members of the genus 
by Yarrow (1955a) and Collingwood (1958). 

The various names are related as follows: 


Names used by Brian Taxonomically valid names 


M. rubra L. 
M. ruginodis Nylander 


M. laevinodis Nylander 

M. rubra var. macrogyna 
Brian 

M. rubra var. microgyna 
Brian 


M. ruginodis Nylander 


M. rubra and M. ruginodis are distinct species, and Brian 
has employed them both in his various studies on ecology 
and physiology. The names macrogyna and microgyna are 
taxonomically invalid. They probably apply to distinct 
sibling species, but the published evidence leaves this open 
to some question (Brian and Brian, 1949, 1955). The 
principal form used in the caste studies is “macrogyna,” 
the correct species name for which is M. ruginodis. 

M. ruginodis, like most north temperate myrmicines, 
overwinters with its brood in the larval stage. In most 
mature colonies the following spring, some of the female 
larvae develop into queens and others into workers. The 
annual cycle is illustrated in simplified form in Figure 
8-11. As the “slow” larvae, hatched in early summer, reach 
a certain point in their development in the late summer 
or fall, they become dormant. This crucial juncture is in 
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FIGURE 8-11. The annual cycle of brood development in a mature colony of 
Myrmica ruginodis. The mother queen continues to lay eggs intermittently through the 
spring and summer. Many of the larvae which hatch early in the season are able to 
complete development by the end of the summer and become workers (fast brood). 
Others persist as larvae through the winter and can become workers or queens the 
following spring (slow brood). The full development of fast brood requires about 
three months: that of slow brood, almost a year. 
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the terminal (third) instar. More precisely, the larvae are 
halted at a stage of prepupal development when the brain 
has migrated halfway back into the larval prothorax. 
Many larvae do not proceed beyond this 0.5 point until 
the following spring, a condition referred to as “primary 
diapause.” Others are able to go on until the brain is 0.8 
into the prothorax, but they always halt there in a condi- 
tion of “secondary diapause.” Still other, younger larvae 
do not reach the 0.5 stage at all before cold weather; these 
pass the winter in a nondiapause state. In any case, all 
the brood overwinters in the larval stage, and it is from 
some of these vernalized larvae that the yearly crop of 
queens is matured in the spring. 

Weir (1959b) proved that fall (“serotinal”) workers tend 
to induce dormancy in terminal instar larvae, whereas 
spring (“vernal”) workers cannot. This was achieved by 
keeping workers in the laboratory at the warm tempera- 
ture of 25°C for 11 weeks after lengthy chilling to simulate 
in them the physiological state of wild fall workers, and 
by keeping other workers at the same temperature for only 
5 weeks after chilling to simulate the wild spring condition. 
The “fall” workers could induce dormancy; the “spring” 
workers could not. Weir further guessed that diet might 
be the key, since Myrmica workers are known to increase 
the proportion of protein in their diet as the season 
progresses, and dormant larvae have a higher nitrogen- 
to-carbon content in their meconia and fat bodies than 
do nondormant larvae. When Weir fed spring workers a 
sufficiently increased amount of protein (by means of a 
pure diet of Drosophila), it turned out that they too were 
able to induce dormancy. Weir, after considering the 
matter at length, remained uncertain whether the larval 
dormancy is true diapause in the sense that it is a shut- 
down mediated by the endocrine system. But it at least 
resembles diapause in that, once initiated, it is persistent 
in its effect, even at raised temperatures. 

Dormancy, as pointed out by Brian (1956a), has the 
effect of holding over until winter all of the late brood 
in the larval stage. The dormant state can be broken by 
sustained high temperatures and handling by spring 
workers. Both of course are normally encountered by 
larvae in wild colonies in the spring. The important point 
is that chilling in winter temperatures confers on the 
larvae the capacity to sustain a high growth rate in critical 
periods of the final instar and, as a result, to metamor- 
phose into queens. Dormancy itself is not a prerequisite. 
Some small larvae, as already mentioned, are immobilized 
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by winter cold before they enter stage 0.5 dormancy; yet 
the following spring they too have the capacity to trans- 
form into queens. 

Final caste determination occurs in the spring larvae 
late in their terminal instar. In order to chronicle this 
event, Brian used several arbitrary morphological changes 
in pupal development that occur in sequence. These 
changes, together with the occurrence of plastic periods 
in caste determination and the approximate time scale, 
are summarized in Figure 8-12. 

The critical periods of caste determination were re- 
vealed by experiments in which sets of larvae were starved 
at different periods in pupal development. Of course, 
larvae are not normally steered into one path of develop- 
ment or another by any such regimen of sudden starvation 
or overfeeding. In order to learn about the natural course 
of determination, it was necessary to follow the develop- 
ment of many larvae being reared individually under 
relatively undisturbed conditions. When this was done, a 
clearer picture of the role of the growth rates was ob- 
tained. Brian learned first that the time required for spring 
larvae to develop into worker pupae did not differ from 
the time required for development into queen pupae. In 
both cases duration of development ranged from 9 to 21 
days and averaged about 13 days. But the final weight 
attained by larvae transforming into the two castes 
differed greatly, averaging about 4.5 mg in the worker and 
8mg in the queen. Clearly the larvae destined to be 
queens either must grow at a faster rate or else start at a 
higher weight. And either can be the case, as shown in 
Figure 8-13. In general, queens come from spring larvae 
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FIGURE 8-12. The plastic periods (crosshatched) of caste de- 
termination in the early pupal development in female Myrmica 
ruginodis: ? represents the worker caste; 9, the queen caste 
(based on data of Brian, 1956a, and contained references). 
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FIGURE 8-13. Typical growth curves of M. ruginodis larvae 
that transformed respectively into queens (2), intercastes (J), 
and workers (?). The time scale was arranged so that the day on 
which the larva passed from the A period to the B period (see 
Figure 8-12) is arbitrarily labeled as the eighth day (modified 
from Brian, 1955a.) 


that either start relatively large and maintain a moderate 
to high growth rate or else start at a medium weight and 
maintain a consistently high growth rate. For the most 
part larvae that have failed to reach a weight of about 
3.5 mg by stage A-0.8 are destined to become workers. 

An important finding from Brian’s studies is that caste 
determination in M. ruginodis is essentially worker deter- 
mination, or the failure of this event to occur. This means 
that the worker is an individual diverted from a normal 
female (that is, queen) course of development by having 
part of its adult system shut down. For convenience, the 
imaginal discs of a larva can be divided into a dorsal set, 
containing wing buds, gonad rudiments, and ocellar buds, 
and a ventral set, containing leg buds, mouthpart buds, 
and central nervous system (Brian, 1957c, 1965a). In the 
case of queen development, leading to a more or less 
typical hymenopteran female, both sets maintain full 
growth and development at the onset of pupal develop- 
ment. But in the case of larvae destined to become 
workers, the dorsal set stops growth and development for 
the most part, and only the ventral set continues on. The 
abruptness of the shutdown is quite striking, as shown in 
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Figure 8-14. It is interesting that the dorsal organs do not 
always shut down together. One of the anomalous “castes” 
described by Wheeler (1905) were the pterergates, or 
otherwise normal workers bearing external vestiges of 
wings. One worker of Myrmica scabrinodis figured by 
Wheeler had wings as long as the thorax itself. 

Growth studies, including the starvation experiments, 
disclosed the important role of chilling in developing the 
queen potential larvae in larvae, and of nutrition in lead- 
ing Myrmica larvae to growth beyond the thresholds re- 
quired to sustain development as queens. Subsequent 
experimentation has revealed the existence of at least four 
additional factors influencing caste determination in the 
closely related species M. rubra (Brian, 1963; Brian and 
Hibble, 1964). First, an increase in temperature from 22°C 
to 24°C, that is, from the optimal temperature for larval 
survival to slightly above, results in an eightfold increase 
in the proportion of larvae metamorphosing into workers. 
Second, the presence of nest queens results in a fourfold 
increase in the proportion of workers. The latter effect is 
caused at least in part by a change in the behavior of the 
workers evoked by the perception of queen pheromones. 
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FIGURE 8-14. Typical patterns of growth of the wing bud 
(imaginal disc) during pupal development of female Myrmica 
ruginodis larvae. Determination to the worker caste (?) or to an 
intercaste condition (I) is characterized by a sharp decrease in 
the growth of this organ. The maturity series is that given in 
Figure 8-12 (modified from Brian, 1955a). 
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When two sizes of larvae are presented to adult workers 
in the presence of a queen, the small larvae are fed more 
and the larger larvae less than in the case of control groups 
lacking a queen. Also, the larger larvae are bitten and 
licked more in the presence of the queen, presumably 
lessening their chances of survival (Brian and Hibble, 
1963). Similar changes are obtained when dead queens 
are presented daily to queenless colonies (Cecily Carr, 
1962). Also, when the sterol fraction of extracts of the 
heads of queens are fed to larvae or applied topically, 
larval growth is inhibited (Brian and Blum, 1969). 

A third influence is blastogenic. Small eggs laid during 
periods of most rapid oviposition yield higher numbers 
of workers. When queens are allowed to emerge from 
hibernation at 20°C, the rate of oviposition rises during 
the first three weeks to a maximum that persists through 
the following three to four weeks. Then the rate gradually 
declines toward zero, reaching a very low level after about 
the sixteenth week. Simultaneously the size of the eggs 
changes, declining rapidly in the first three weeks and then 
remaining approximately constant. These relations are 
illustrated in Figure 8-15. Eggs laid during the first three 
weeks show a greater capacity for transforming to queens 
than do eggs laid after three weeks when both kinds are 
cultured under identical conditions. 


- 
- 
~ - 

~ - 

er 


A À > 
PERS, u ee RD 
a ee 


152 Caste: Ants 


Finally, a most interesting additional effect discovered 
by Brian and Hibble (1964) is that eggs laid by different 
queens differ markedly in their tendency to produce 
queens or workers. Most of the variation appears to be 
the result of age; younger queens have a higher tendency 
to lay worker-biased eggs. This effect, it will be recalled, 
was foreshadowed by the results of Goetsch’s early exper- 
iments on Pheidole pallidula. 

To summarize, there are at least six factors operating 
in Myrmica caste determination: larval nutrition, win- 
ter chilling, posthibernation temperature, queen influence, 
egg size, and queen age. The next question should logi- 
cally be, what is their relative importance in nature? This 
is equivalent to asking for the relative contribution of each 
factor to the variance in caste ratios produced by wild M. 
ruginodis colonies. No answer is likely to be forthcoming 
without elaborate field studies. The qualitative effect of 
each factor has so far been revealed in experiments in 
which the other factors were held constant (more or less) 
and the critical factor then varied radically in order to 
produce some kind of effect. The precise contribution of 
the factors and the degree of their interaction under natu- 
ral conditions remains unknown. 

The Genus Formica. Work on the Formica rufa group, 
paralleling in many respects that on Myrmica, was pub- 
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FIGURE 8-15. Oviposition rates (solid lines) and size of eggs (dashed lines) laid by 
M. ruginodis queens during the first 16 weeks after hibernation (redrawn from Brian and 


Hibble, 1964). 
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lished by Bier and Gösswald (1953-1957). As in Myrmica, 
there was originally much confusion in the taxonomy of 
this difficult species group, but it has been largely 
straightened out by Yarrow (1955b), Lange (1958), and 
Betrem (1960). Two species were used in the Bier- 
Gösswald study: F. nigricans (= rufa pratensis) and F. 
polyctena (= rufa rufopratensis minor). The following ac- 
count applies primarily to F. polyctena. 

These formicine ants hibernate without brood. In the 
spring, when the nest temperature rises to 13°C or above, 
the queens migrate to the warmest part of the nest near 
the surface, lay batches of eggs (referred to as the “winter” 
eggs), and afterward retreat to cooler parts of the nest. 
Eggs laid at temperatures under 19.5°C remain unfertil- 
ized, and as a consequence those first produced in the 
spring, when the nest temperatures are between 13° and 
19.5°C, become males. Also, the smaller the colony, the 
poorer its thermoregulation, and, hence, the higher the 
proportion of males produced (Gésswald and Bier, 1955). 
Later eggs in this first “winter” batch are fertilized and 
capable of producing either queens or workers. Eggs laid 
still later—the “summer” eggs—are capable of producing 
only workers. 

The winter and summer eggs differ strikingly from 
each other in several ways. Viewed in ovarian prepara- 
tions, the winter eggs contain more RNA around their 
nuclear membranes and have a much more voluminous 
polar plasm than is the case in summer eggs; in addition, 
the nurse cells have larger nuclei (Bier, 1953, 1954a). It 
has been postulated, quite reasonably, that these cyto- 
logical differences are in some way intimately connected 
with the later biassing of larval growth, but the relation 
has not been proved experimentally. 

It is clear in any case that chilling of the eggs in the 
ovaries makes them bipotent with respect to caste. Final 
determination, however, occurs during about the first 72 
hours of larval life. This was proven in experiments in 
which Gösswald and Bier (1957 and contained references) 
introduced eggs of F. polyctena into colonies of F. nigricans 
in order to permit the tracing of individual development. 
When 30 or more host nigricans workers, deprived of their 
own queen, were given small numbers of polyctena eggs, 
they reared queens. Groups of less than 30 workers reared 
workers. At 27°C the young larvae remained plastic for 
72 hours. 

Two other factors were discovered that match those in 
Myrmica. The presence of F. nigricans queens inhibits 
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development of the polyctena eggs into queens. If a queen 
is present with a large group of workers, the winter eggs 
transform into either queens or workers, but, if no queen 
is present, the eggs always transform into queens. Workers 
just emerged from hibernation, as well as young workers, 
increase the tendency of winter eggs to yield queens. This 
ability of workers to influence caste determination directly 
is not found in Myrmica, although it is closely approached 
by the tendency of fall Myrmica workers to induce dor- 
mancy in their larvae. Dormancy, as we have seen, holds 
larvae in the final instar until the onset of winter, and 
winter chilling gives them the capacity to develop into 
queens. 

In summary, although caste determination in Formica 
differs from that in Myrmica in several important details, 
there is a close resemblance in general pattern. Multiple 
controls exist; most, perhaps all, of the six factors of 
Myrmica also occur in Formica. A close interplay of re- 
sponses to hibernation and nutrition characterizes both. 
In Formica, as in Myrmica, the relative weight and precise 
degree of interaction of the factors under natural condi- 
tions is still unknown. 


Caste-determining Factors in Other 
Ant Genera 


Only Myrmica and Formica have had their caste- 
determining mechanisms systematically examined. Even 
so, enough observation and experimentation have been 
conducted on other genera to suggest that several of the 
control factors discovered in Myrmica and Formica are 
widespread through the ants. 

Queen inhibition. Colonies of the African weaver-ant 
Oecophylla longinoda are arboreal. They form multiple, 
tent-like nests of leaves often separated in space by con- 
siderable distances. Queens develop most frequently in 
nests lacking mated queens (Ledoux, 1950). Large, flour- 
ishing colonies of the pantropical myrmicine Monomorium 
pharaonis normally contain numerous mated queens. If 
a colony that has been producing only workers is deprived 
of its queens, it will rear both queens and males from the 
existing brood (Peacock et al., 1954). M. pharaonis is the 
only ant species so far recorded in which the colony can 
make this immediate response and hence insure its own 
supply of nest queens. But many other examples probably 
occur, especially in the almost wholly uninvestigated 
tropical faunas. 
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Larval nutrition. It is a well-known generalization that 
queens are not normally produced until ant colonies reach 
a relatively flourishing condition. This circumstance is 
most simply explained as the outcome of larval nutrition. 
Other hypotheses can be contrived, however. For example, 
it is conceivable that, as in the honeybee, large colonies 
produce queens periodically when the queen pheromone 
becomes sufficiently diluted to make complete inhibition 
impossible. Too little is known about the vast majority of 
ant species to make any judgment. One more observation 
by Ledoux (1950) can be cited that seems to point strongly 
to a role for larval nutrition in Oecophylla longinoda. 
Under natural conditions, O. longinoda queens are pro- 
duced continuously by large queenless groups of workers 
but only sporadically by small ones. 

Almost nothing is known concerning the quantitative 
or qualitative differences in diet that affect caste determi- 
nation. Biochemical studies in larval nutrition are almost 
wholly lacking. Perhaps the only direct approach to the 
problem is found in the highly problematical publications 
of Goetsch (1946, 1947, 1951) on the “Vitamin T com- 
plex.” Goetsch claimed to have demonstrated a re- 
markable set of substances in the bodies of insects, fungi, 
and yeasts that stimulate growth in insects and other 
animals. Experimental ant colonies were especially 
strongly affected. In Acromyrmex, Pheidole, and Campo- 
notus, production of soldiers as well as giant minor 
workers was stimulated, while in Camponotus and Lasius 
egg laying was increased and the rate of larval develop- 
ment advanced. The “T” substances, which were given 
such labels as “termitin” (from termites), “penicin” (from 
Penicillium), and “torutulin” (from the yeast Torula), have 
never to my knowledge been chemically identified or even 
purified. Crude extracts containing unknown mixtures 
were employed on species whose nutritional requirements 
were equally unknown. As a consequence, it is difficult 
to see how dosages could have been even approximately 
regulated or proper controls established. The existence of 
biochemically distinct growth substances as envisaged by 
Goetsch remains very much in doubt. 

Climatic change. The vernalization (chilling) effect that 
renders Myrmica and Formica brood queen-potent can be 
interpreted as a token stimulus whose main adaptive 
significance is to permit the colonies to mature their sexual 
broods simultaneously in the summer. If this is true, it 
seems safe to predict that the same phenomenon will be 
found generally in ant species dwelling in cold climates. 
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But we know that the emergence of sexual forms also 
tends to be seasonal in tropical species. Are these annual 
cycles also triggered by token stimuli? In species of Eciton, 
about six new queens and thousands of males are pro- 
duced in a special all-sexual brood at the beginning of 
the dry season. It is likely, but still unproven, that climatic 
changes, especially in ground humidity, induce this change 
(Schneirla and Brown, 1952). 

Egg physiology. The biochemical environment of the 
embryo may well prove to be important in caste determi- 
nation in most or all ant species. For example, a decline 
in egg size at the beginning of spring similar to that in 
Myrmica ruginodis (Figure 8-15) has been recorded by 
Passera (1963a) in the formicine Plagiolepis pygmaea. The 
possibility of caste bias in eggs of various sizes in Plagio- 
lepis has not been investigated, but the implication is clear. 
Similar or opposite trends in egg size may be found in 
yet other ant genera when deliberate searches are made. 

In several articles published between 1945 and 1957, 
S. E. Flanders argued tenaciously in favor of a dominant 
role for egg physiology. He predicted, on wholly a priori 
grounds, that castes are determined primarily by the 
amount of yolk in the egg and that the amount of yolk 
is determined by the rate of oviposition. The following 
sequence was postulated: the faster the rate of oviposition 
by the queen, the less yolk will be resorbed by the queen’s 
ovaries, the more yolk will be left in the egg, and the 
greater will be the probability that the embryo will develop 
into a queen. Although blastogenic influences have been 
discovered in the interval since 1945, they represent only 
part of a complex of multiple controls. Ovisorption, the 
main agent in Flander’s model, is not known to play any 
part at all. 


Role of the Endocrine System 


In seeking a deeper explanation for the basis of caste 
determination, attention should be focused on the bio- 
chemical events surrounding the shutdown of the dorsal 
system of imaginal discs. It is a fair guess, not as yet fully 
established, that the cessation of growth is under the 
control of the endocrine system. At present we have only 
a few scattered and doubtful clues concerning the nature 
of the hormonal control. 

It has been shown that the ant larva has a typical insect 
retrocerebral system (Gléckner, 1957). Ligation experi- 
ments suggest indirectly that the sequence of events in the 
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activation of the retrocerebral system and prothoracic 
gland is similar to that in the better-known insect groups. 
Brian (1961) has supplied a piece of evidence that is at 
least consistent with the hypothesis that the development 
of imaginal discs is under hormonal control. When ovar- 
jan discs taken from “worker-presumptive” Myrmica 
ruginodis larvae were transplanted into the hemocoel of 
Jarvae about to transform into queens, they grew and 
differentiated as queen ovaries. 

Although the endocrine hypothesis seems wholly rea- 
sonable, attempts to distinguish differences in the endo- 
crine systems of Jarvae of differing caste potential have 
so far been rather unrewarding. Weir (1959c), employing 
standard histological techniques and light microscopy, 
could find “no qualitative differences of any kind” be- 
tween Myrmica ruginodis larvae entering dormancy and 
those bypassing it at the critical A-0.5 stage (Figure 8-12). 
Brian (1960) has also examined the endocrine systems 
of developing larvae. Although his results are difficult to 
interpret, they seem to imply that in the later B period 
of M. ruginodis development, the only observed caste 
difference was that the neurosecretory brain cells of the 
queen become larger, their nucleoli more conspicuous, and 
their cytoplasm grey, finely granular, and devoid of se- 
cretory particles (that is, those particles that stain purple 
with Gomori’s paraldehyde-fuchsin and Groat’s iron 
hemotoxylin). In Formica polyctena, G. H. Schmidt (1964) 
observed that new queen pupae have proportionately 
Jarger corpora allata (producing juvenile hormone), while 
new worker pupae have proportionately larger prothoracic 
glands (producing ecdysone). However, this particular 
caste difference is not universal in the social insects. In 
the honeybee, according to Lukoschus (1955), the relative 
volume of the worker remains the same as that of the 
queen through the late larval and pupal instars, but then 
increases disproportionately in the adult stadium. 

Brian (1960) hypothesized that worker determination 
in M. ruginodis is caused by a sharp rise in the ecdysone 
titer, “so sharp that the relatively small ovaries and wings 
are incapable of response.” Actually, the fragmentary 
histological evidence just cited can be interpreted in one 
or the other of several ways. It is equally possible, for 
example, that the worker larva receives a slightly larger 
dose of juvenile hormone than the queen larva, enough 
to inhibit differentiation of the ovarian and wing discs but 
not of the adult system. By this explanation the larger size 
of the corpora allata of the queen larva does not result 
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in higher juvenile hormone production, but only signals 
a preparation for later stimulation of ovarian development 
that is consonant with the reproductive role of the queen. 
The difficulty of using the volume of any endocrine gland 
as an indicator of its activity is that, while in the long run 
the volume and activity are usually correiated, the relation 
can fluctuate widely from one day or week to the next. 


Determination of the Soldier Caste 


J showed earlier that most examples of worker poly- 
morphism are based on some form of adult allometry 
combined with continuous size variation. Caste determi- 
nation in such cases offers few mysteries. When Eleanor 
Rita Lappano (1958) traced the development of labial 
glands and leg discs through preserved Eciton burchelli 
broods of various ages, she found that the growth was 
allometric. The precise position a given individual attains 
in the polymorphic spectrum is therefore simply deter- 
mined by the size it reaches at the time of the pupal molt, 
which in turn might depend on how well it had been fed. 
But a closer examination discloses signs of a more complex 
control system operating within the colony. For whatever 
the fate of the individual larva, the final population of 
larvae reaches a size-frequency distribution that is a rela- 
tively invariable characteristic of the species. Moreover, 
all but the most rudimentary phylogenetic stages of 
worker polymorphism exhibit some degree of bimodality 
in the size-frequency distribution. The evolution of poly- 
morphism can be interpreted in part as a progressive 
separation of the two constituent curves, with the propor- 
tion of workers in each remaining an adjustable species 
characteristic (Wilson, 1954). This fact alone means that 
the distribution of growth rates among the worker larvae 
is not haphazard. Lappano has presented some additional 
indirect evidence of social control in the development of 
the E. burchelli worker brood. The growth rate of the 
larger, firstborn larvae slows relative to that of the later, 
smaller larvae, with the result that pupal development is 
synchronized. 

Since bimodality is a nearly universal characteristic of 
worker polymorphism, it should be profitable to examine 
the phenomenon for the same kinds of multiple controls 
that have been discovered in the case of queen-worker 
determination. As yet very few experiments have been 
performed. The work of Goetsch (1937a,b) on Pheidole 
pallidula revealed that both larval nutrition and environ- 
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ment of the embryo within the egg can be effective, while 
the data of Gregg (1942) proved that soldiers of Pheidole 
morrisi in some fashion inhibit development of new 
members of their own caste. Thus at least three factors 
have been demonstrated in the course of these quite 
preliminary studies. Wilson (1954) has called attention to 
a parallel from the ecology of fish populations to show 
that bimodality can result solely from food competition 
in an initially unimodal group, providing it occurs in a 
simple environment. No doubt competition for food does 
occur among ant larvae. But in most species the controls 
are likely to prove more complex. 


The Ecology of Caste 


One of the more important generalizations that can be 
drawn from the few patterns of caste determination 
worked out thus far is the diversity of the patterns them- 
selves. I feel confident in predicting that the striking 
differences already apparent in a comparison of Myrmica, 
Formica, Eciton, Oecophylla, and Monomorium represent 
only a fraction of the total to be found throughout the 
ants. Whole tribes and even subfamilies, for example the 
Myrmeciinae, Ponerinae, and Dolichoderinae, remain 
largely uninvestigated. Other unexplored aspects of caste 
determination are the control factors that operate in the 
tropics, where most of the ant phyla are concentrated. This 
raises the whole promising subject of the ecological sig- 
nificance of patterns of caste determination. Brian, Weir, 
Gôsswald, and Bier have made an effort to interpret the 
cyclic features of caste determination in Myrmica and 
Formica as adaptations to the peculiar environments of 
the species concerned. Such ecological analysis should 
continue to be a part of comparative studies and will 
eventually result in a deeper understanding of ant evolu- 
tion in general. Elsewhere (Chapter 18) I will discuss the 
use of linear programming analysis in the study of the 
efficiency of various caste ratios and show how it can be 
related to quantitative ecological studies. 


The Division of Labor 


A first glimpse into a colony of ants can be compared 
to the view of a human city from a high building. Order 
and structure are certainly there, yet the individual in- 
habitants seem to move about in chaotic patterns. Sur- 
prisingly, half or more of the adult ants at any given 
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moment may be idle. The rest divide their labor in a 
fashion that only a very extended analysis shows to be 
well suited to the needs of the colony as a whole. The 
most striking impression obtained in any short period of 
observation is the great amount of variation in behavior. 
Again, lengthy study reveals that each worker changes its 
activities as it grows older, but the progression follows 
general rules only loosely. This variation in behavior, and 
hence division of labor, consists of three components. The 
first two components can be referred to as caste polyethism 
and age polyethism (Wilson, 1963a). Polyethism is defined 
here in the broad sense as synonymous with “division of 
labor,” rather than simply change with age after the 
earlier usage of Weir (1958a,b). The third component is 
recognized expediently as all the remaining variation. It 
is of considerable magnitude and undoubtedly has diverse 
causes, including the influences of colony size, colony 
nutrition, and individual learning experience, none of 
which are well understood at present. In the remainder 
of this chapter we will concentrate on polyethism, which 
has been better studied, while illustrating enough of the 
remaining, third component to indicate its importance. 


Caste Polyethism 


Male. It is one of the most curious facts of ant biology 
that the males contribute virtually nothing to the labor 
of the colony. They do not forage, build, or defend the 
nest, attend the queen, or nurse the brood. There is only 
one recorded exception to this rule. Santschi (1907) re- 
ported that when he forced a colony of Cardiocondyla 
nuda “var. mauritanica” containing an ergatomorphic 
male to move from one nest to another, the male repeat- 
edly carried pieces of brood. This observation is in need 
of corroboration. Le Masne (1956a) was unsuccessful in 
provoking brood-carrying behavior in ergatomorphic 
males of Hypoponera eduardi when he forced nest changes 
in colonies of that species. However, Le Masne points out 
that this may not bear directly on Santschi’s claim. H. 
eduardi ergatomorphs have small mandibles similar to 
those of the typical winged males and hence are ill 
adapted for the transport of solid objects. Similar experi- 
ments on the extremely ergatoid males of H. punctatissima 
and H. gleadowi, both of which possess heavy, worker-like 
mandibles, stand a better chance of success. 

The possibility of rare instances of brood transport 
notwithstanding, it appears universally true that males do 
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not join workers in the daily working life of the colony. 
At the same time it is not true that these individuals are 
passive toward the female members of the colony. They 
frequently groom other adults and are groomed in return. 
More importantly, as Gösswald and Kloft (1960) first 
showed in Formica polyctena, males also regurgitate liquid 
food to other members of the colony as well as receive 
it. Bert Hölldobler (1964) has recorded in detail the social 
activities of males of Camponotus herculeanus and C. 
ligniperda through their adult life. These individuals re- 
main in the adult phase for nine to ten months, from 
eclosion in middle August to the nuptial flight and quickly 
ensuing death the following early summer. In the first few 
months before winter the males are in an active “social 
phase.” They receive liquid food from workers and pass 
it freely to other adult members of the colony, while 
making little use of solid food lying on the nest floor. With 
the passage of winter, the males enter their “sexual 
phase.” Even while they are still within the nest prior to 
the nuptial flight, the amount of food they exchange with 
other members of the colony by regurgitation sharply 
declines. The males come to depend increasingly on their 
own tissue reserves accumulated during the social phase. 
At the same time they change from a consistently negative 
to a frequently positive phototactic orientation, while the 
amount of unoriented locomotion within the nest in- 
creases. We know from the observations of Forbes (1954) 
on Camponotus americanus that, sometime prior to the 
nuptial flight, the males void the gut contents so that large 
air spaces fill the abdomens. This alteration no doubt 
improves the males aerodynamically, but hastens their 
death after the nuptial flight. Hölldobler found that the 
males of Formica polyctena undergo a behavioral sequence 
like that of Camponotus, except that the adult life span 
is much shorter and contained within one summer season. 
It would appear that the role of the Camponotus and 
Formica males in food distribution is far from vital for 
the colony as a whole. It is still correct to say that males 
are in a sense parasitic on the colony, in that they perform 
no unique or really essential function. Their entire mor- 
phology is modified for their primary role as flying sperm 
dispensers launched by the colony during the nuptial 
flight. 

Queen. The function of the queen as progenitrix of the 
colony has been described in Chapter 4. The virgin queens 
lead a mostly parasitic existence in the nest prior to the 
nuptial flights. Their social behavior, like that of the 
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males, is limited chiefly to mutual grooming and food 
exchange. In some species they help move the brood when 
the nest is disturbed. This emergency behavior has so far 
been observed mainly in genera in which there is little 
difference between the sizes of the queen and worker 
castes. Forel (1928) recorded it in Leptothorax and Tapi- 
noma, for example, and Le Masne (1953), in Hypoponera, 
Leptothorax, and Myrmica. 

After mating, queens of those species that start new 
colonies independently show themselves to be behavior- 
ally complete females. They excavate a nest, usually a 
miniature version of the later, mature nest constructed by 
workers. They rear the first brood, displaying in proper 
sequence every act of grooming and cleaning peculiar to 
the species. In the Attini this includes even the culturing 
of the first fungus garden. In most species of the primitive 
subfamilies Myrmeciinae and Ponerinae, and in a very few 
of the more advanced subfamily Myrmicinae, young 
mated queens hunt for insects outside the nest. The life- 
time behavioral repertories of nonparasitic queens, there- 
fore, far exceed those of the workers. In more primitive 
groups, at least, the queens exhibit at some stage of their 
life cycle nearly every fixed-action pattern shown by all 
the worker subcastes taken together. As the colony com- 
mences to flourish, the range of behavior exhibited by the 
queen progressively narrows. Eventually, as she enters a 
physogastric condition, her activities become limited al- 
most entirely to locomotion, egg laying, and feeding on 
the regurgitated liquid or trophic eggs supplied by the 
workers. It is probable that functional queens of all ant 
groups reach this passive condition by the time the colony 
reaches sexual maturity, that is, by the time it begins to 
produce virgin queens. The process is not wholly irrever- 
sible, however. I have observed that, when queens of 
young Pheidole fallax and Solenopsis saevissima colonies 
are suddenly deprived of workers, they resume brood care. 

Soldiers in a strongly polymorphic series. We are a long 
way from understanding why worker polymorphism de- 
velops in some species but not in others. The patterns of 
caste polyethism are likewise diverse and unpredictable. 
Of the few generalizations that can be made, one of con- 
siderable interest concerns the extreme development of 
the soldier caste. In cases of advanced polymorphism, 
especially in complete dimorphism where intermediates 
have dropped out and the soldiers and minor workers 
have begun to evolve allometric patterns of their own, the 
greatest modifications in the soldier caste are to be found 
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in the head and mandibles. This rule is connected with 
another generalization, made perhaps for the first time by 
Westwood (1838) and since extended repeatedly by other 
observers, that soldiers of the most strongly polymorphic 
species are employed principally in nest defense. This 
caste can serve other functions, of course. We know that 
the soldiers of a few Pheidole species assist in food col- 
lecting, while those of some Oligomyrmex can become 
repletes. But it is apparent that the morphological changes 
that make soldiers such a deviant caste in the first place 
are directed toward a defensive function. Soldiers are in 
fact adapted to one of three basic defensive techniques, 
as follows: (1) Shearing. The mandibles are large but 
otherwise typical, the head is massive and cordate, and 
the soldiers are adept at cutting the integument and clip- 
ping off the appendages of enemy arthropods. Examples 
are found in Pheidole (Figure 8-1), Atta (Figure 8-5), 
Camponotus (Figure 8-4), Oligomyrmex, Zatapinoma, and 
other genera of diverse relationships. The shearing adapta- 
tion is the most prevalent in soldier castes generally. 
Wheeler, in his essay “The physiognomy of insects” 
(1927), pointed out that the peculiar head shape of this 
kind of soldier is due simply to an enlargement of the 
adductor muscles of the mandibles, which imparts to the 
mandibles greater cutting or crushing power. (2) Piercing. 
The mandibles are pointed and sickle or hook shaped. The 
most impressive examples are found in the army ant genus 
Eciton (Figure 4-24). (3) Blocking. The head is shield 
shaped (many members of the Cephalotini) or plug 
shaped (Pheidole lamia, and several subgenera of Campo- 
notus, most notably the polyphyletic assemblage of 
Myrmaphaenus, Colobopsis, Pseudocolobopsis, Hyper- 
colobopsis, and Paracolobopsis). Wheeler (1927) coined the 
word phragmosis to label these modifications, as well as 
similar ones found in the queens of Crematogaster (Colo- 
bocrema) cylindriceps and Colobostruma leae. Well- 
developed examples of phragmosis are also known in 
other groups of insects, spiders, and anurans. All of the 
earlier reported cases of ant phragmosis involve the head, 
but W. L. Brown (1967) has recently discovered an Ama- 
zonian Pheidole (P. embolopyx) in which the abdomen of 
the queen is phragmotic. All of the cephalotines and most 
of the phragmotic Camponotus nest in cavities in dead and 
living plants, and the soldiers use their heads to block the 
nest entrances. In the case of the soil-dwelling Camponotus 
(Myrmaphaenus) ulcerosus, a carton shield is constructed 
at the ground surface bearing a single aperture that closely 
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approximates the head of the major in size and shape 
(Creighton, 1953). 

The behavior of the shearing-type soldier was first 
analyzed in detail by Edith Buckingham (1911) in her 
study of Pheidole pilifera. It has been most recently and 
graphically described by Creighton and Creighton (1959) 
in their account of Pheidole militicida. The soldiers of P. 
militicida have huge heads, nearly as large as all of the 
rest of the body combined. They play little part in the 
harvesting of seeds and, in spite of the massive develop- 
ment of their mandibles, do not participate in the breaking 
open of seeds collected within the nest. Their true métier 
came to light when the Creightons introduced large 
workers of Pogonomyrmex into a special artificial nest 
containing a P. militicida colony. 


The Pogonomyrmex workers moved slowly into the passage but 
rapidly backed out of it when they became aware of the ad- 
vancing militicida workers. In most cases the militicida minors 
first entered the passage. Some of them would usually be seized 
and killed by the Pogonomyrmex workers but others returned 
to the nest and alerted the majors. When these entered the 
passage they. . . advanced very cautiously, with jaws wide open, 
and made frequent short lunges in the direction of the Pogono- 
myrmex workers. As the militicida majors wedged themselves 
tightly into the passage, three or four ranks deep, the passage 
was completely blocked and the front face of this block was 
a highly dangerous area for the Pogonomyrmex workers for it 
consisted of the closely approximated heads and wide open jaws 
of the militicida majors. As to what happened next depended 
on the Pogonomyrmex workers, who would charge up to the 
barrier and slash at the militicida majors with their mandibles. 
These attacks were usually futile, for the only exposed parts of 
the militicida major which could be damaged were the antennae 
and these were held so closely against the head that the Pogono- 
myrmex workers were seldom able to grasp them. If these 
attacks were vigorously pressed the militicida major usually 
stood perfectly still and waited until the mandibles of its oppo- 
nent were near its own. It then lunged forward, closed its jaws 
on the mandible of the Pogonomyrmex worker and attempted 
to break off the crushed mandible ... After a number of 
Pogonomyrmex workers had been put out of action with useless 
mandibles, or sooner if the Pogonomyrmex did not press the 
attack vigorously, the militicida majors emerged from the pas- 
sage and began a different sort of action. They no longer faced 
their opponents and struck at their mandibles but approached 
them from the rear and struck at the thorax or the petiolar 
nodes. As a result, most of the Pogonomyrmex workers were 
ultimately cut in two, either at the petiole or behind the pro- 
notum . . . In short, there is nothing haphazard about the way 
in which the militicida majors deal with their opponents; they 
only strike at parts which will put their opponents out of action 
or kill them. 
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When W. M. Wheeler discovered P. militicida in Ari- 
zona in the late fall of 1915, he found the remains of 
numerous soldiers scattered around the nests, but was 
unable to locate live soldiers in the nests. As a result, he 
developed an ingenious and subsequently celebrated the- 
ory about caste regulation in P. militicida. “It appears,” 
he wrote, “that all the individuals of this caste (the majors) 
are regularly killed off by the workers on the approach 
of winter, probably after they have broken open all the 
hard seeds collected by the workers. Such a slaughter of 
the members of a large caste during the season when their 
activities are no longer required, when they would simply 
be a burden on the colony by consuming stored food and 
when fresh food cannot be collected, must have great 
advantages.” The Creightons showed that all of Wheeler’s 
premises were wrong, and they reinterpreted the dead 
soldiers found around the original nests as casualties in 
some unseen defensive skirmish. 

I have observed stereotyped attack behavior similar to 
that described in P. militicida displayed by soldiers of P. 
fallax and P. caffeicola. It is likely that the habit is char- 
acteristic of the hundreds of species in this cosmopolitan 
genus. At the same time, my field observations show that 
the proportion of soldiers and the degree to which they 
are specialized for defensive behavior vary widely. In 
many species they also assist the minor workers in forag- 
ing. 

The behavior of soldiers with piercing-type mandibles 
is at least equally specialized for colony defense. In the 
army ant genera Anomma and Eciton, these individuals 
sometimes line up along the flanks of the moving columns, 
their heads facing outward and mandibles gaping. An 
identical guard posture is assumed around nest entrances 
by the saber-jawed soldiers of the formicine Cataglyphis 
bombycina in the Sahara Desert (Délye, 1957). These 
formidable looking individuals rush at any moving object 
when the nest is disturbed. They seldom engage in other 
tasks. In particular, Délye found that the soldiers are not 
well suited, as once suggested by Santschi, for carting 
sand particles during the excavation of nests. 

The responses of soldiers adapted for blocking nest 
entrances are the most specialized of all. The members 
of the truncatus group of Camponotus can be taken as 
fairly typical. C. truncatus of Europe has been studied in 
detail by Forel (1874) and later authors; Wheeler (1910) 
described the American C. etiolatus, and I have made 
extensive observations myself on colonies of the American 
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FIGURE 8-16. Pheidole militicida soldier in defensive pos- 
ture (from Creighton and Creighton, 1959). 


C. fraxinicola housed in glass tubes. The soldiers seldom 
leave the nests, which consist of narrow cavities in the 
dead wood of standing trees and shrubs. One or more of 
them stand guard at the nest entrances, where they act 
literally as living doorways. When minor workers ap- 
proach them from either end and give the right signal 
(presumably a combination of simple touch and colony- 
recognition scent, although the matter has never been 
experimentally analyzed) the soldiers pull back into the 
nest to allow their nestmates free passage. The nest en- 
trances are cut into wood or plastered with carton so as 
to just accommodate the head of a soldier. If the entrance 
is larger, several soldiers may cooperate to plug it with 
the combined mass of their heads. Both arrangements are 
shown in the accompanying illustrations of Camponotus 
(Colobopsis) truncatus by Szab6-Patay. 

A different form of blocking behavior is exhibited by 
the North American cephalotine Paracryptocerus texanus. 
The entrance hole to the arboreal nest is somewhat larger 
than the head of the soldier and is blocked by the com- 
bined mass of the head and expanded prothorax, the latter 
structure being heavily armored and pitted like the head. 
The head is held obliquely, rather like an animated blade 
of a miniature bulldozer. This posture, combined with the 
thrust and pull of the short, powerful legs, allows the 
soldier to press intruders right out of the nest. When a 
minor worker returns to the entrance hole, the following 
sequence unfolds: 

The returning minor may or may not touch the antennae of 
the guard, although it usually does so. Thereafter the guard 


crouches down. This brings the anterior rim of the head below 
the level of the floor of the passage or, if the guard stands 
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FIGURE 8-17. Nest-guarding behavior by soldiers of the Eu- 
ropean ant Camponotus (Colobopsis) truncatus: (top) a minor 
worker approaches a soldier that is blocking a nest entrance 
with its head; (/ower left) two views of the head of the soldier of 
Camponotus (Colobopsis) truncatus, the frontal view being 
framed by a small circular entrance to the nest, demonstrating 
how the head serves as a living “gate” to the nest; (lower right) 
a group of workers assume the position they use in plugging a 
large entrance to their nest (from Szab6-Patay, 1928). 


completely inside the passage, the front of the head is raised 
as the guard crouches. The dorsum of the guard’s thorax is now 
no longer close to the roof of the passage and the minor can, 
if it is sufficiently active, wriggle between the dorsum of the 
thorax and the roof of the passage . . . If the passageways are 
made large enough to accommodate two majors simultaneously, 
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they ordinarily assume a position where they are back to back. 
Under such circumstances the two opposed cephalic discs form 
a V-shaped area. The bottom of this V is open but the space 
behind it is closed by the closely approximated thoracic dorsi 
of the two guards. When minors are admitted to the nest both 
majors crouch and the entering worker struggles through the 
narrow space between the thoraces of the guards. It seems 
scarcely necessary to state that there is no part of this behavior 
which at all resembles that of the Colobopsis major, which must 
back away from the nest entrance to admit the returning minor 
(Creighton and Gregg, 1954). 


On the occasions when soldiers of P. texanus leave the 
nest, the guard soldiers must come out of the nest entrance 
altogether in order to readmit them (Creighton, 1963). 

Worker subcastes in moderately or weakly polymorphic 
series. Here we encounter a confusing diversity of poly- 
ethic patterns among the small set of species that have 
been studied. Each genus has so far revealed a pattern 
more or less peculiar unto itself. Furthermore, although 
the degree of polyethism is loosely correlated with the 
degree of polymorphism, the patterns of the two phe- 
nomena cannot be said to be linked in any consistent way 
among the genera. In other words, it is not yet possible 
to predict the pattern of caste polyethism from a knowl- 
edge of the polymorphism alone. The following species 
show, among themselves, the greatest range of patterns 


disclosed to date. 


Solenopsis saevissima. Workers of this fire ant are 
moderately polymorphic. Their adult allometry is rela- 
tively slight (the allometric exponent for head width versus 
pronotum width is 1.1 in contrast to 1.5 for S. geminata), 
but they vary greatly in size and have an overlapping 
bimodal size-frequency distribution. Polyethism is much 
less developed (Wilson, unpublished observations). In one 
study, samples of workers employed in various tasks were 
taken from a single large colony in a field in Alabama. 
The frequency distributions of workers engaged in nest 
repair, food retrieval, and nest defense, respectively, did 
not differ significantly from each other or from the distri- 
bution of a sample collected randomly from the interior 
of the nest. Only workers collected while gathering nest 
materials outside the nest perimeter differed, as it hap- 
pened, by containing a slightly higher proportion of larger 
workers. In this species, therefore, we see a moderate 
degree of polymorphism associated with a relatively weak 
degree of polyethism. 

Formica obscuripes and F. polyctena. The worker caste 
of F. obscuripes (= F. rufa melanotica) is weakly poly- 
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FIGURE 8-18. Soldier of Paracryptocerus texanus: (right 
and upper left) the shield-shaped head used to block the en- 
trances to the arboreal nests; (/ower left) front view of the head 
of a minor worker included for comparison (from Creighton 
and Gregg, 1954). 


morphic. It shows only slight allometry. Size variation is 
moderate, and the size-frequency distribution is unimodal. 
Yet King and Walters (1950) have found that the workers 
are strongly polyethic. The larger individuals remain 
mostly in the nest, while the smaller ones do most of the 
foraging. In this case we have a relation between the 
degrees of polymorphism and polyethism that is the re- 
verse of that found in Solenopsis saevissima. Polyethism 
of the F. obscuripes type has been reported for F. rufa by 
Adlerz (1886) and F. sanguinea by Janina Dobrzañska 
(1959), although neither species has been subjected to 
equivalent statistical analyses. F. polyctena has been ana- 
lyzed in a slightly different manner by Otto (1958a) but 
with essentially the same result. Worker size is weakly 
correlated with division of labor. It accounts for only a 
small fraction of the total behavioral variation, which 
consists mainly of age polyethism and individual peculi- 
arities. There is hardly any difference in size between 
workers engaged in work inside the nest and those build- 
ing the nest and foraging outside. On the other hand, 
among those employed outside the nest, the foragers 
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average smaller in size and the nest builders, together with 
those retrieving prey objects, average larger. If the samples 
had been taken according to the cruder procedure of King 
and Walters, the resulting curves would have been similar 
in kind, if not in degree, to those of F. obscuripes. 

An extreme development of polyethism of the Formica 
type is found in the formicine honey ants. In weakly 
polymorphic species of Myrmecocystus, Camponotus, and 
Proformica, it is the largest-sized class from which some 
individuals are drawn to transform into the grotesque 
“honeypot” repletes. A fuller account of the behavior of 
this primarily physiological caste will be given in Chapter 
14. 

Oecophylla longinoda. The African weaver-ant exhibits 
a polyethic pattern essentially the reverse of that of For- 
mica obscuripes. The major workers do most of the for- 
aging, and they pull the leaves together from which the 
nests are constructed, while the minors remain in and 
around the nest, caring for the brood and queen and 
holding the larvae during the weaving operation in nest 
building (Weber, 1949b; Ledoux, 1950). The worker caste 
is moderately polymorphic, with allometry affecting 
mainly the thorax and petiole (Figure 8-6). The fre- 
quency distribution is unusual, containing two very dis- 
tinct modes, the majors outnumbering the minors. In 
retrospect, these qualities in the allometry and frequency 
distribution seem well suited for the type of polyethism 
they serve. In particular, it seems appropriate that the 
major class, with responsibility for foraging, should be 
both abundant and “normal” in morphology instead of 
assuming the grotesque combative form of soldier found 
in other genera. A roughly similar polyethism exists in the 
primitive genus Myrmecia and in Daceton armigerum. 

Camponotus americanus. This American species, studied 
by Buckingham (1911), has a moderately polymorphic 
worker caste. The allometry and frequency distribution 
are similar to those of the related C. castaneus, which is 
illustrated in Figure 8-4. Classes of every size participated 
to some extent in all the work categories examined by 
Buckingham, but there was a preponderance of soldiers 
in fighting, of small and medium workers in nest building 
and foraging, and of small workers in brood care. Patterns 
similar to this have been described in C. noveboracensis 
(= C. pictus) by Buckingham, in C. japonicus “var. ater- 
rimus” by Lee (1938), and in C. ligniperda by Kiil (1934). 
Two of Kiil’s polyethism curves for C. ligniperda are 
shown in Figure 8-19. The pattern described in Messor 
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FIGURE 8-19. Polvethism curves showing the frequency dis- 
tributions of different-sized classes of the ant Camponotus ligni- 
perda engaged in two kinds of activities. The head widths are 
given in arbitrary units (redrawn from Kiil, 1934). 


by Goetsch and H. Eisner (1930) resembles that of Cam- 
ponotus except that the soldiers appear to be involved 
heavily in foraging as well as in nest defense. 

` Daceton armigerum. This arboreal South American 
species, one of the most primitive members of the tribe 
Dacetini. displavs what is perhaps the most complex pat- 
tern of caste polyethism analyzed so far. The species is 
moderately polymorphic, combining weak allometry with 
extensive size variation and an imperfectly bimodal size- 
frequency curve (Figure 14-3 shows the extreme size 
variants). The most striking feature of the polyethism is 
the nearly total restriction of the laber of the smallest- 
sized class to the care of the egg-microlarva pile. Beyond 
that, other tasks are divided in differing ways among the 
size groups, as exemplified by the data presented in Table 
8-1. Outside the nest, the major workers behave differently 
in yet other ways from the medias. They hunt less, spend 
more time resting in “bivouac areas” on the foraging 
ground, and are relatively more successful in taking prev 
objects away from the medias and carrying them back to 
the nest (Wilson, 1962b). 
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The Dacetini are one group in which it might be possi- 
ble to gain some understanding of the adaptive signifi- 
cance of worker polymorphism. As a rule the mest primi- 
tive members of the tribe. including Daveron armigerum, 
are polymorphic: while the morphologically mere ad- 
vanced members are monomorphic. Brown and Wilson 
(1959a) have sought the ecological correlates of this lass 
of polymorphism. The loss is associated. at least roughly, 
with an increased reliance on collembelans as prev. and— 
perhaps as a consequence of this specialization in diet— 
decreased body size, smaller colony size, and mere ervp- 
tobiotic foraging behavior. The assumption of a mere 
specialized, restricted feeding regime on smaller prev 
objects could account. at least in part. for the surrendering 
of the worker differentiation and polvethism displaved to 
such an extreme degree bv Daceron armigerum. 

Studies of other ant species with pelyvmerphism resem- 
bling that of Daceron armigerum are likely to reveal simi- 
larly complex and unpredictable systems of polvethism. 
A probable case is the fungus-growing Ara cephaleies, 
where minor workers perform a bizarre function during 
food-gathering expeditions (Figure 8-20). These miniature 


TABLE 8-1. Division of labor among workers of 
Daceton armigerum by head width (from Wilson. 1962b). 
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FIGURE 8-20. The minor workers of the fungus-growing ant 
Atta cephalotes accompany the medias during leaf-gathering 
expeditions (a), often hitchhiking on the cut pieces of leaves 
(b). Their chief function at this time is to protect the large 
workers from parasitic phorid flies (c, d) (from Eibl-Eibesfeldt 
and Eibl-Eibesfeldt, 1967). 


insects travel along with the media workers, whose princi- 
pal activity is the cutting and gathering of leaves. Often 
they ride on the cut portions of the leaves, but they do 
not participate in leaf cutting itself. Instead, they protect 
the large workers from parasitic phorid flies by snapping 
with their mandibles and “fencing” with their hind legs 
(Eibl-Eibesfeldt and Eibl-Eibesfeldt, 1967). 


Age Polyethism 


Adults. It has been well known since the time of Forel 
(1874) and Lubbock (1894) that young workers tend to 
remain in the nest and nurse the brood, while older 
workers spend more time outside the nest. The histories 
of individual ants have been documented in varying 
degrees of detail in Pheidole and Camponotus by Edith 
Buckingham (1911); in Myrmica, Lasius, Camponotus, and 
Formica by Kaethe Heyde (1924); in Messor by Goetsch 
and Eisner (1930); in Camponotus and Formica by Kiil 
(1934); in Formica by Okland (1930), Otto (1958a), and 
Dobrzanska (1959); in Myrmica and Messor by Ehrhardt 
(1931); in Myrmica by Weir (1958a,b); and in Oecophylla 
by Ledoux (1950). Okland first employed the technique 
of marking ants engaged in different activities in order 
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to trace ontogenies of large samples of workers, while 
Heyde discovered that the behavioral ontogenies differ 
among species and made the first, albeit not very conclu- 
sive, attempt to relate these differences to interspecific 
variation in behavioral flexibility. The most detailed pro- 
tocols are found in the publications of Ehrhardt, Otto, 
Dobrzanska, and Weir. The best-known species by far are 
the members of the Formica rufa group and particularly 
F. polyctena, whose study by Otto will now be reviewed. 

As in all other ant species thus far analyzed in much 
detail, colonies of F. polyctena are not structured into 
groups of workers who associate in cliques or consistently 
cooperate in the performance of tasks. Each worker, while 
completely bound to the colony, addresses its activities 
indiscriminately to all members of the colony or, at most, 
to all members of a given caste or stadium. About half 
the time of the worker is spent at rest and half engaged 
in some social activity or foraging. There is a tendency 
for workers to spend at least fifty days after their emer- 
gence from the cocoon in what Otto and other German 
authors call the Innendienst—service inside the nest. The 
activities of the Innendienst include care of the brood, care 
of the queens, care of other adult workers, handling of 
dead prey in the nest chambers, and nest cleaning. There 
is a tendency for individual workers to specialize on one 
or a couple of these tasks, although the majority of 
workers perform most or all at some time. None of the 
workers devote themselves to “guard duty” in or around 
the nest. After about forty days or longer, most workers 
shift permanently to the Aussendienst, during which they 
forage and work on nest construction. There is a further 
specialization possible in nest construction, in that some 
workers concentrate on excavating within the nest while 
others gather materials for roofing. As in other species of 
Formica and Lasius, each forager tends to patrol a certain 
spot within the colony territory. Individual behavioral 
ontogenies vary greatly in both content and timing. For 
example, many workers pass through the Innendienst 
without attending the brood at all. 

During the Innendienst, the ovaries of the workers con- 
tain eggs. Toward the end of this period, resorption of the 
eggs begins, and, by the onset of the Aussendienst, the 
resorption is total. There is little sign of the extensive 
glandular alteration that marks the phases of age poly- 
ethism in the honeybee. A few suggestive changes do 
occur, however. The cells of the maxillary gland, which 
are the homologs of the hypopharyngeal glands in the 
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FIGURE 8-21. Workers of Formica polyctena: (a) change through time in behavior and glandular develop- 
ment; (b) histograms showing the number of days that workers persisted in the given task. These data reveal, 
for example, that few workers specialize in attending the queen, while a comparatively large number specialize 
in caring for the brood. The double vertical line roughly separates the period of nest work from that of foraging 
service (redrawn from Sudd, 1967; based on the data of Otto, 1958a). 


honeybee, decrease in size somewhat during the Aussen- 
dienst. The cells of the postpharyngeal glands increase in 
size with age, while their nuclei become more rounded, 
but these alterations are not closely associated with the 
shift to the Aussendienst or with any apparent behavioral 
specialization. Workers concentrating on excavation 
within the nest, and hence the handling of the finer build- 
ing materials, have mandibular gland nuclei somewhat 
larger than in other workers. Other exocrine glands stud- 
ied by Otto, namely the labial glands, hypostomal glands, 
and metapleural glands, showed no significant changes. 

It would be difficult to overestimate the complexity of 
age polyethism in ants. Every category of social and indi- 
vidual behavior studied in detail so far has proven to be 
affected to some degree by age. A case in point is aggres- 
siveness and nest defense behavior in Formica sanguinea, 
as documented in the analysis of Dobrzańska (1959). It 
is a commonplace observation that, when nests of most 
ant species are torn open, some of the workers retreat, 


some appear indifferent, some move toward the outside 
in a relatively calm exploratory manner, and some attack 
blindly. Dobrzańska showed that this series of responses, 
which can be viewed as comprising a gradient of aggres- 
sive tendencies, is strongly correlated with the usual loca- 
tion of the workers with reference to their nest, which in 
turn is correlated with their age (Table 8-2). In Myrmica 
ruginodis, Weir (1958a,b) studied three behavioral classes 
of workers that probably also represent different age 
groups: those wandering far away from the brood 
(“foragers”), those standing near the brood (“domestics”), 
and those standing on top of the brood (“nurses”). These 
groups proved to differ in many ways. The nurses were 
far superior to the others in withstanding starvation, and 
they laid the most eggs. They were also the least efficient 
at killing blowfly larvae and, surprisingly, at finding larvae 
“lost” from their own colony. The foragers were at the 
opposite extreme of variation in these properties, while 
the domestics occupied an intermediate position. 
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TABLE 8-2. Percentages of three major behavioral 
classes of Formica sanguinea workers responding in 
different ways to disturbance of their nest (modified 
from Dobrzariska, 1959). 


Response to disturbance 


Mild 

Indif- inves- Violent 
Workers Escape Hiding ference tigation Attack attack 
Remaining 8 64 14 14 0 0 
always in 
the nest 
Occasionally 0 25 25 37 13 0 
leaving 
the nest 
Remaining 0 0 4 24 35 37 
outside 
the nest 


Much of the variability in behavior not connected to 
caste and age polyethism must be attributable to individ- 
ual differences in experience. When young Innendienst 
workers of Messor and Formica are forced out of the nest 
prematurely by a disturbance, they often remain outside. 
(Goetsch and Eisner, 1930; Dobrzanska, 1959). Ants re- 
semble honeybees in that their work preferences can 
change in response to alterations in their social environ- 
ment. This was first demonstrated in a simple but con- 
clusive experiment by Ehrhardt (1931). Individual workers 
of Myrmica rubra were initially classified according to their 
work preferences as members of a normal, undisturbed 
colony. The group showing an extreme predilection for 
brood nursing was then transferred to isolated cells con- 
taining only earth, while the group that engaged most 
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exclusively in excavation and foraging was isolated in 
other cells containing brood but no earth. The erstwhile 
nurses soon devoted themselves to soil excavation, while 
the erstwhile foragers turned into nurses. When returned 
to their nestmates in the home nest, however, both groups 
reverted to their original functions. 

Egg. In a real sense the individual ant can perform a 
service to the colony while still in the egg stage—by serv- 
ing as a source of food. Egg cannibalism, a common 
phenomenon in many ant species and of major social 
significance in some, will be discussed in Chapter 14. 

Larvae and pupae. Individuals in various stages of larval 
and pupal development are occasionally cannibalized, 
although less regularly than eggs. Injured larvae and 
pupae are always promptly eaten. When the colony is 
starving, the entire brood is gradually consumed. It is clear 
that while the brood comprises the growing point of the 
colony, it also serves a function analogous to storage tissue 
in an organism—as energy capital, which, once invested, 
can still be partly recalled when the colony falls on hard 
times. 

It is highly probable that larvae perform other, more 
direct services. The glandular secretions, anal effluvia, and 
cast skins that larvae constantly produce are mostly con- 
sumed by the workers. No study has yet been attempted 
to test the possible nutritive and communicative functions 
of these elements. Ant larvae also commonly release liquid 
from their hindguts and mouthparts (the latter evidently 
salivary in nature) which is rapidly consumed by workers 
(Le Masne, 1953). At least some of the secretion is likely 
to have nutritive value. Maschwitz (1966a) found that the 
oral secretion of Tetramorium caespitum is higher in amino 
acid content than the hemolymph. The phenomenon of 
liquid exchange and its role in social organization will be 
examined at greater length in Chapter 14. 
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Caste, like social organization itself, finds a nearly total 
range of expression among the species of social bees and 
wasps. In the primitively eusocial Halictinae, it emerges 
as a mere psychological difference among morphologically 
similar adults, but goes on to include, in a few species, 
several forms of striking queen-worker dimorphism. In the 
honeybee species Apis mellifera strong morphological and 
physiological differences exist between queens and 
workers, and the caste of individuals is determined by a 
complex interaction between pheromone-mediated be- 
havior on the part of nurse workers and specialized diets 
fed to the larvae. Finally, at least one group of species 
of stingless bees, the genus Melipona, has superimposed 
a genetic control of caste upon the conventional physio- 
logical device employed by related groups. Most of these 
phylogenetic advances, with the most conspicuous excep- 
tion of the invention of genetic control, have been paral- 
leled in the evolution of the social wasps. Together the 
social bees and wasps differ from the ants and termites 
in One major respect: for some reason none of them has 
fashioned well-defined worker subcastes. It is true that the 
species with very large colonies display a division of labor 
comparable to that of the most advanced ants and ter- 
mites. But where the division in the latter insects is based 
in part on morphological subcastes and in part on pro- 
grammed, temporal polyethism, in most bees and wasps 
it is based almost entirely on temporal polyethism. 

Certain other evolutionary rules are recognizable. As 
colony size has grown in the course of evolution, the 
differences between the queen and worker castes have 
been exaggerated, intermediate forms have disappeared, 
and the behavior of the queen has become increasingly 
specialized and parasitic. The ultimate stage is attained 


in the honeybees and meliponines, whose queens never 
attempt to start colonies on their own and are reduced 
to the status of little more than egg-laving machines. 
Correlated with this trend has been a subtle shift in the 
power structure of the colony. Among the primitively 
social groups, particularly the halictine bees. the bumble- 
bees, and the primitive polistine wasps. the queen main- 
tains a dominant position primarily by aggressive behav- 
ior toward her sisters, daughters. and nieces. In more 
complexly social species, reproductive control by the 
queen is exercised through inhibitory pheromones. 

Although morphological worker subcastes are generally 
so weakly developed as to be almost nonexistent when 
compared with those of ants and termites. size effects do 
occur. Larger members of a given colony tend to forage 
more, and smaller members tend to devote themselves to 
brood care and nest work. In honevbees. the larger an 
individual bee the more quickly it passes through the 
normal ontogenetic stages of behavior. terminating in a 
period devoted principally to foraging. Throughout the 
course of evolution to higher levels of eusociality, there 
has been a tendency to produce ever more elaborate 
patterns of temporal division of labor. the most extreme 
cases again being those of the honeybees and meliponines. 
This temporal polyethism, like that of ants and termites, 
is typically a sequence leading from nest work and brood 
care to foraging. To my knowledge only one exception has 
been reported, that of the wasp Polistes fadwigae. in which 
a very weak polyethism follows the opposite sequence. 
With these several broad principles in mind, let us now 
review the caste systems of the major groups of social bees 
and wasps in the seeming approximate order of their 
phylogenetic advance. 
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The Halictine Bees: From Behavioral to 
Morphological Castes 


The semisocial colonies of Augochloropsis and Pseud- 
augochloropsis contain some of the most elementary caste 
systems known in all of the social insects (Michener, 
1969a). Females of A. sparsilis, which work cooperatively 
to establish nests, are morphologically identical to each 
other or nearly so. Most have been inseminated and pos- 
sess normal ovaries. However, some behave as “workers”: 
they do most of the foraging and undergo only limited 
ovarian development. Whether they remain in this re- 
pressed condition all their lives or, at some later time, 
increase their ovary size and partake in egg laying is not 
known. In addition, there exist a few unfertilized females. 
Michener and Lange (1958a) examined 86 females in a 
colony during the first generation of the year and found 
only one that was unfertilized, but, in the second genera- 
tion, between 15 and 20 percent were in this condition. 
These individuals are true workers. Not only are they 
unable to contribute to the next female generation, they 
work harder than their fertilized sisters, with the result 
that their mandibles wear down and their wings fray more 
quickly. In the related species Pseudaugochloropsis costa- 
ricensis as many as one-half of the females are morpho- 
logically distinguishable workers. They average smaller in 
size, in spite of the fact that a majority are fertilized. 

Equally primitive caste systems exist within certain 
eusocial species of Halictinae. According to Cécile 
Plateaux-Quénu (1960, 1962), caste determination in the 
perennial colonies of Evylaeus marginatus is “imagi- 
nal,” by which it is meant that the adult females are 
morphologically indistinguishable and, as in Augochlorop- 
sis sparsilis, status is merely a matter of behavior and 
ovarian development. Also, the workers remain unfertil- 
ized and live for shorter periods of time. Each E. mar- 
ginatus colony is started by a single female, the “queen,” 
who loses the power of flight after the first year and 
devotes herself exclusively and permanently to egg laying 
thereafter. Her presence somehow inhibits ovarian devel- 
opment in her daughters. When she is removed, a large 
percentage of them undergo quick ovarian development. 
During the first four years of colony existence, the workers 
remain unfertilized. In the fifth and final year, some of 
them mate (even though they are still morphologically 
identical to their sisters), hibernate, and, in the following 
spring, commence nests of their own. 
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Other halictine species show ascending degrees of 
differentiation between queen and worker castes (Ellen 
Ordway, 1965; Knerer and Plateaux-Quénu, 1966b). 
Figure 9-1 gives the percentage difference in average 
length as a function of the percentage of females that 
appear in the first brood after nest founding. As I pointed 
out in Chapter 5, both characteristics can be regarded as 
independent measures of the degree of social development 
in halictines. The average size difference ranges from 
zero—for example, in E. marginatus—to as much as 18 
percent. In species with a smaller average size difference, 
the size frequency curves of the two castes overlap. In 
other words, intercastes occur. The amount of caste 
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FIGURE 9-1. Among the species of halictine bees, the aver- 
age size difference between queens and workers belonging to 
the same species varies from zero to about 18 percent. This 
caste difference is correlated with a second social characteristic: 
the percentage of females appearing in the first brood. (1) 
Evylaeus malachurus; (2) E. linearis; (3) E. cinctipes; (4) E. 
marginatus; (5) Halictus ligatus (Indiana); (6) E. calceatus; (7) 
Lasioglossum rohweri,; (8) E. nigripes; (9) H. ligatus (Ontario); 
(10) L. imitatum (Kansas); (11) Halictus scabiosae; (12) H. 
maculatus; (13) L. rhytidophorum, (14) L. imitatum (Ontario); 
(15) Augochlorella striata; (16) H. confusus. Evylaeus margi- 
natus is also exceptional in having perennial colonies (modified 
from Plateaux-Quénu, 1967; based on data from Knerer and 
Plateaux-Quénu, 1966b). 
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differentiation is also correlated with the size of colony 
populations, a third intuitive indicator of the level of social 
evolution. For example, Evylaeus duplex and Lasioglos- 
sum rhytidophorum have slight queen-worker differences 
and moderate colony populations, while Evylaeus mala- 
churus has strong queen-worker differences and large 
colony populations. Exceptions to the rule include the 
aberrant E. marginatus, which has no morphological caste 
differentiation but relatively enormous colony popula- 
tions. 

In a few species that display marked average size 
differences between queens and workers, the size variation 
is allometric. This phenomenon has been reported in 
Halictus scabiosae in France (Quénu, 1957), in H. aerarius 
in Japan (Sakagami and Fukushima, 1961), and in 
H. latisignatus in India (Sakagami and Wain, 1966). In each 
of these species the heads of the larger females are pro- 
portionately broader and deeper. Such individuals are 
consequently referred to as “macrocephalic,” and the color 
is generally darker. The extremes of variation are illus- 
trated in Figure 9-2. In H. aerarius (and perhaps other 
allometric halictine species) the size-frequency distribution 
of the females seems to be continuous; it is skewed to the 
right and may be incipiently bimodal (Figure 9-3). In 
short, the queen-worker differentiation of H. aerarius 
closely resembles the primitive level of worker subcaste 
differentiation exhibited by such ant taxa as the genera 
Solenopsis and Camponotus. It is worth emphasizing that, 
although the queen-worker differentiation in certain lines 
of halictines has begun to head down this evolutionary 
path, it has gone only partway. In contrast, all living ant 
groups have not only completed the transition to complete 
dimorphism in queen-worker differentiation, but many 
have repeated the whole process in the evolution of worker 
subcaste differentiation. 

The weak differentiation ofthe queen and worker castes 
that characterizes the Halictinae is paralleled by a rela- 
tively imprecise division of labor. The females of Evylaeus 
malachurus participate in all tasks, regardless of size, but 
the larger fertilized individuals do most of the egg laying 
(Legewie, 1925; Noll, 1931). A broad overlap of functions 
exists even in the relatively well-marked castes of Halictus 
aerarius and H. latisignatus, as Sakagami and his associ- 
ates have shown. In the Halictinae generally, according 
to Michener (1969a), the smallest individuals may be 
incapable of becoming egg layers, and the largest may do 
nothing else; the great majority are, however, capable of 
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FIGURE 9-2. The social bee Halictus latisignatus: (1, 2) small 
and large ( “macrocephalic” ) females, showing allometric vari- 
ation in body proportions and color; (3-6) front and side views 
of the heads of the large and small females, showing strong al- 
lometric variation in the proportions. The small individuals 
specialize as workers; the large ones, as egg layers (from Saka- 
gami and Wain, 1966). 
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FIGURE 9-3, The size-frequency distribution of the allo- 
metric halictine bee species, Halictus aerarius, is compared with 
that of a nonallometric one, H. tumulorum. The IH. aerarius 
curve is unusual in displaying skewness (or incipient bimodal- 
ity) of the kind typifying primitive worker subcaste differentia- 
tion in ant species. Each sample was drawn from several nests 
(adapted from Sakagarni and Fukushima, 1961). 


any role, which does not become completely determined 
until they reach the adult stage. Mating sometimes shunts 
females permanently into the queen role, while failure to 
mate sometimes limits them wholly to the worker role. 
But exceptions do exist: inseminated females have been 
observed to continue foraging, and unfertilized females 
have been seen to lay eggs. 

A temporal division of labor is nevertheless pronounced 
throughout the Halictinae, even in species displaying little 
or no differentiation of physical castes. Young females of 
Augochloropsis sparsilis guard and excavate the nest and 
forage for food. As they grow older they switch entirely 
to egg laying (Michener and Lange, 1959). Those of 
Lasioglossum rhytidophorum first guard the nest entrances, 
then shift to excavation combined with either foraging or 
egg laying (Michener and Lange, 1958b). The pattern of 
Dialictus zephyrus is different again: as a rule the younger 
bees excavate, while the older bees either continue to 
excavate and forage in addition, or else they shift entirely 
to egg laying. Guard duty is conducted by working fe- 
males both in the preforaging and foraging periods of 
adult life. Suzanne Batra’s meticulous study of this species 
(1964) has shown that the temporal patterns of individual 
females is extremely variable. In one perverse but illumi- 
nating example a bee was seen to oviposit shortly after 
returning to the nest with a pollen load. In addition, the 
relative proportion of D. zephyrus castes in single nests 
also fluctuates widely through the season (Batra, 1966a). 

A positive correlation exists within individual halictine 
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species between the total size of adult females and the 
degree of development of their ovaries. Large size also 
predisposes individuals to mate and to settle into the role 
of egg laying. These two relations hold whether or not 
other anatomical characteristics vary allometrically. It 
follows that size alone is a critical factor in halictine caste 
determination. In his pioneering study of the social biol- 
ogy of Evylaeus malachurus, Legewie (1925) hypothesized 
that caste might be determined simply by the size of the 
pollen ball with which the female larva finds herself in 
the sealed brood cell. He noted that the balls assembled 
in late summer are larger than those made earlier in the 
season, and they produce large queens capable of over- 
wintering. Legewie’s idea has found substantial support 
in the observations of Knerer and Atwood (1966a) on 
Evylaeus cinctipes. In this species the queens average 15 
percent longer than the workers. Spring larvae were found 
to receive pollen masses averaging only 33.9 mg in weight. 
These individuals invariably turned into small workers. 
Summer larvae on the other hand received masses aver- 
aging 61.7 mg in weight, and they turned into either large 
workers or queens. Parallel observations have been made 
on Lasioglossum duplex by Sakagami and Hayashida 
(1960) and on Dialictus zephyrus by Batra (1964). Other 
factors, in particular, temperature of the brood cell and 
quality of the pollen, have not been ruled out by these 
studies. But the fact that larvae consume all or almost all 
of their provisions suggests that the food supply at least 
constrains the maximum adult size to a degree that can 
be decisive in caste determination. 

A most peculiar phenomenon that does not fit in with 
the remainder of our knowledge of halictid sociobiology 
is the existence of male dimorphism in at least two Aus- 
tralian species of the subgenus Chilalictus of Lasio- 
glossum (Rayment, 1955; Houston, 1970). One male form 
is “normal,” that is, typical for halictids generally. The 
second has reduced wings, is apparently flightless, and 
has exceptionally large heads and mandibles. Houston 
has suggested that the second form is a “male soldier,” 
which functions in nest defense. Although he has no 
direct evidence to support this guess, he points out that 
normal males of a third Halictus species, H. (Chilalictus) 
seductus, have been seen guarding nest entrances (Ray- 
ment, 1935). Houston’s hypothesis, while fascinating, 
must be regarded with great reservation. The Australian 
Chilalictus are not even fully social; at most they are 
communal in nesting habits. Furthermore, no other cases 
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of male castes have ever been recorded in the social 
Hymenoptera. In the social bees, not even the females 
are divided into soldiers and minor workers as supposed 
for the Chilalictus males. 


Bumblebees: Caste as Part of a 
Dominance Hierarchy 


In steps paralleling those taken by the Halictinae. the 
bumblebees have evolved primitive caste systems that are 
regulated jointly by larval feeding and the behavioral and 
physiological consequences of queen control. Among the 
pocket-making species of Bombus, there exists little or no 
difference in average size between workers and egg lavers. 
The queens and workers of B. hortorum, for example, are 
only slightly different in average size and display a broad 
overlap in size range. The related species, B. agrorum, 
apparently possesses no morphological caste differences. 
However, strong physiological differences do exist. Cum- 
ber (1949a) found that, in addition to the expected dis- 
tinction in ovarian development, there is also a marked 
difference in metabolism. When he fed large quantities 
of food to both queens and workers, the queens gained 
substantial weight by the addition of fat bodies, but the 
workers did not change. This result is not too surprising 
when it is recalled that the queens are the only individuals 
who overwinter. 

Morphological caste differentiation among the pollen- 
storing species, on the other hand, varies from almost 
nonexistent to strongly marked. B. /ucorum, a large Euro- 
pean species, is characterized by complete dimorphism. 
Workers collected by Cumber weighed from 40 to 320 mg: 
and queens, from 460 to 700 mg. Yet little or no external 
allometry is associated with the size difference: in outward 
appearance, the workers are small simulacra of the 
queens. 

Only a single female functions as the mother queen in 
bumblebee colonies. This individual maintains her posi- 
tion by aggressive behavior, ranging in intensity from head 
butting with mandibles agape to biting and grappling 
(Free, 1955a). Other females in the colony are orga- 
nized into a loose dominance hierarchy. Besides monopo- 
lizing egg laying, the queen and her immediate subordi- 
nates reveal their status by performing most of the fanning 
within the nest. The rank of individual bees is closely 
correlated with the degree of development of their ovaries. 
The queen directs most of her hostility toward those sub- 
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ordinates who have the largest ovaries. When she is re- 
moved. the level of hostility among the surviving females 
increases until one establishes herself as the new alpha 
queen, which, predictably and normally. is the individual 
with the largest ovaries at the outset. During the inter- 
regnum some increase in ovarian development also occurs 
among a few of the workers, and an increased proportion 
of the larvae transform into morphological queens. 
Division of labor among bumblebee workers was dis- 
covered in 1890 by Frederick V. Coville. who noticed that 
the larger members of a Bombus borealis colony conduct 
most of the foraging and rearrangement of nest material. 
while the smaller individuals largelv devote themselves to 
work within the nest. Since Coville’s paper the subject has 
been investigated in increasing depth by Meidell (1934), 
Jordan (1936). O. W. Richards (1946), Cumber (1949a). 
Anne D. Brian (1952). Free (1955b. 1961a). and Sakagami 
and Zucchi (1965). The B. borealis sequence is now receg- 
nized to occur generally in the bumblebees. The smallest 
individuals of some species not onlv do not leave the nest: 
they are also unable to fly. For the great majority of 
individuals, however, the correlation between size and 
labor remains very loose. It consists chiefly of a tendency 
for smaller bees to commence foraging at a later age than 
their larger nestmates. so that the colony members ob- 
served foraging on any given day are larger on the average 
than those remaining in the nest. The raison d'être of the 
pattern has been conceived by Free and Butler (1959) as 
follows: “Two advantages can be immediately suggested. 
Firstly, it is clear that the smaller workers must be able 
to move more easily through the intricate galleries of the 
comb than their larger sisters, and thus are better able 
to perform household duties: the larger bees. on the other 
hand. are able to collect greater loads of nectar and pollen 
and, one would suppose. may also be able to fly when 
conditions are less favourable.” The lifetime pattern of 
behavior of individual bees is variable in the extreme. 
Most are capable of laying eggs, but usually do so only 
when the suppressive influence of dominant nestmates is 
removed. The Amazonian species Bombus atratus forms 
an exception in that the medium-sized workers frequently 
lay unfertilized eggs and are in fact responsible for practi- 
cally all of the production of males (Zucchi. personal 
communication). In a study of seven British species, Free 
(1955b) discovered that each worker tends to remain either 
a forager or a house bee for long stretches of time. often 
for the duration of its adult life. The longer an individual 
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keeps at a given task, the less likely it will change in the 
future, even in the face of colony need. Nevertheless, 
about a third of the workers do shift periodically from 
one task to another. Their behavior, along with that of 
some of their more specialized nestmates, can be altered 
according to the needs of the colony. When foragers were 
deliberately removed by Free, many of the house bees 
became foragers. The reverse ablation resulted in some 
foragers becoming house bees, but in a less clear-cut 
manner. The less consistent a worker had been in its 
selection of choice of tasks prior to the ablation, the more 
easily it shifted to the task demanded by the new situation. 

The physiological basis of caste determination in bum- 
blebees has not been elucidated fully. As part of a general 
hypothesis applied to all social bees, Wheeler (1923) 
proposed that bumblebee workers arise from undernour- 
ished larvae. Cumber (1949a) noted that queens do in fact 
appear only during the later stages of colony development, 
at which time at least one worker is present for every larva. 
This finding is consistent with the notion that extra feeding 
tends to speed the growth of larvae and convert them into 
queens. Free (1955c) has cited further experimental results 
consistent with the nutrition hypothesis. He established 
ten colonies of Bombus pratorum in laboratory nests, each 
comprised of a queen and one or more workers, and 
supplied them with abundant pollen and honey. Five of 
the colonies eventually produced adult female bees. In 
three of these, each queen had only one worker to assist 
her, and all of the adult offspring turned out to be workers. 
In the remaining two colonies, one queen had two workers 
and the second queen five workers to assist her. Under 
these slightly more favorable circumstances, both queens 
and workers were produced. The data are too few to be 
of more than marginal significance, but they suggest that 
the worker/larva ratio is a limiting factor in queen deter- 
mination. 

Sladen (1912) held the contrary opinion that bumblebee 
caste is not determined simply by nutrition. He believed 
that intrinsic changes cause eggs and larvae to become 
queen-potent only toward the end of the season. Subse- 
quently, Cumber (1949a) and Free (1955c) observed that 
the presence of the mother queen suppresses the produc- 
tion of new queens until late summer. Colonies which 
have lost their queens prematurely produce new queens 
earlier than queenright colonies. This effect might be due 
to the existence of an inhibitory pheromone secreted by 
the mother queen, but it is more likely the outcome of 
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the simple reduction of egg production and the consequent 
rise of the worker/larva ratio resulting from the death of 
the mother queen. Cumber in fact noted that the mother 
queen reduces her oviposition rate prior to the production 
of new queens at the end of the summer. Thus the dem- 
onstration that the presence of the queen earlier in the 
year is associated with the inability of the colony to gen- 
erate queens is not inconsistent with the simple trophic 
hypothesis first proposed by Wheeler. 

The pocket-maker bumblebees display a peculiarity of 
behavior that deserves special comment. Plath (1934) 
noted that, although worker larvae feed from pollen stores 
placed next to them in the wax pockets, the queen larvae 
are fed directly by the nurse workers, who tear holes in 
the tops of the queen cells for this purpose. In other words, 
pocket-maker species feed their queen larvae in the same 
fashion that the pollen-storer species feed both their queen 
and worker larvae. The occurrence of such a preferential 
treatment provides one more hint that nutrition plays a 
key role in caste determination. In order to test this possi- 
bility, Plowright and Jay (1968) forced workers of pocket- 
maker colonies to feed larvae directly through the pockets 
at various times in the season. Their results unfortunately 
proved inconclusive. Queens still did not appear until the 
later stages of colony development. The new evidence still 
does not conflict with the simple trophic hypothesis, since 
it can be explained as a result of an increased 
worker/larva ratio later in the season. But neither does 
it exclude Sladen’s view that other, less obvious factors 
can be decisive in queen determination. 


Honeybees: Advanced Trophogenesis and 
Division of Labor 


The queen and worker castes of Apis mellifera are so 
different from each other in appearance as to seem to 
belong to different species of insects. Lukoschus (1955, 
1956) has cited 53 morphological characteristics by which 
a queen can be recognized, many of them extreme in 
quality, and these are matched by equally pervasive 
physiological and behavioral differences. In general these 
differences can be linked directly to the peculiarities of 
the honeybee life cycle. It will be recalled that, as a spe- 
cies, the honeybee is distinguished by the fact that its 
colonies are large, the life span of its individual workers 
is short, and the rate of oviposition required to sustain 
the population is consequently very high. It is not, there- 
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fore, surprising that the queens are larger than the 
workers. They possess proportionately even bigger abdo- 
mens, which are packed with 300 or more elongate ovari- 
oles. Each queen commonly lays over 1,000 eggs a day, 
and her basal metabolism is constantly higher than that 
of the workers surrounding her. Honeybee colonies are 
also unusual in that they multiply by a process of fission 
and swarming in which resident queens leave the old hive 
in the company of a large fraction of her daughter workers 
(see Chapter 5). At no time does the queen participate 
in the ordinary duties of the hive. She is highly specialized 
for reproduction, and her most complicated behavior 
occurs early in her adult life when she challenges the rival 
sister queens, which emerge at approximately the same 
time, and then conducts her nuptial flight. For the rest 
of her existence she functions as little more than an egg- 
laying machine. The mark of this regressive existence has 
fallen everywhere upon the morphology of the queen. Her 
mouthparts are reduced; her eyes are smaller than those 
of the workers (an average of 4,920 ommatidia versus 
6,300); her antennae are shorter and bear fewer sensilla; 
she has a conspicuously smaller brain; she lacks pollen- 
collecting hairs; and her hypopharyngeal and wax glands, 
which in the worker are the principal sources of larval 
food and building material, are underdeveloped. The 
mandibular glands, which are the source of pheromones 
used to control worker behavior, are among the few non- 
reproductive organs developed to a greater degree than 
in the worker caste. 

As one might expect in the case of such strong dimor- 
phism, the determination of individual female honeybees 
to the queen or worker caste occurs at a very early stage 
in larval development. The nurse workers exercise a tight 
control over the development of their sister larvae. During 
most of the year they are inhibited by the presence of the 
mother queen from making any attempt to produce new 
queens from available larvae. But at the beginning of the 
spring reproductive season, or any other time that the 
mother queen dies or loses her vitality, new queens are 
produced. The inhibition is due specifically to phero- 
mones, a principal constituent of which is the “queen 
substance,” trans-9-keto-2-decenoic acid, a compound 
manufactured in the mandibular glands of the mother 
queen (see Chapter 15 for further details). The first step 
taken by the workers to produce queens is the construction 
of cne or more “royal cells,” or “queen cells” as they are 
frecuently called. These are conspicuous waxen structures 
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that are larger than the usual, worker-producing brood 
cells. They are vertically aligned on the outer surface of 
the brood comb and are variably oblong in shape (as 
opposed to the invariable hexagonal form of the brood 
cells) and strongly pitted on the outside. Any egg of female 
genetic constitution which is placed in a royal cell will be 
reared as a queen. Eggs transplanted experimentally from 
worker cells to royal cells develop into queens, while those 
transferred in the reverse direction become workers. Tak- 
ing advantage of this simple effect, Weaver (1957) was 
able to time the events of differentiation precisely. He 
found that up to three days into larval development a 
larva transferred from a worker to a royal cell turns into 
a queen. At three days some worker characteristics begin 
to appear in the final adult product: the ovaries are 
smaller than average for a queen, and a few other ana- 
tomical features are intermediate or worker-like. If larvae 
are left for three and a half to four days before being 
transferred, some of their adult qualities become irrevo- 
cably worker-like, while other features are intermediate 
between the queen and worker castes. Jay (1963) found 
that the commitment to queen development occurs later 
and is much more tenuous. When he removed larvae at 
a more advanced stage of development from the royal 
cells, the smallest ones became worker-like, while larger 
individuals became either queen-worker intercastes or 
queens, depending on their initial size. 

What is put into the royal cells that turns young honey- 
bee larvae into queens? The answer has been known a 
long time: it is royal jelly, a material supplied chiefly by 
the hypopharyngeal glands of the nurse workers. A lesser 
fraction of the royal jelly is supplied by the mandibular 
glands, and it is not impossible that still further compo- 
nents are added by the postcerebral and thoracic glands. 
All of these glands together are sometimes referred to 
loosely as the “salivary gland complex” (Townsend and 
Shuel, 1962). Von Rhein (1933, 1956) first demonstrated 
that bee larvae can be reared on royal jelly alone in 
constant temperature cabinets. He thus succeeded in cre- 
ating a technique that had been envisioned 150 years 
earlier by Charles Bonnet (in François Huber, 1792). 
Bonnet’s idea, contained in his letter to Huber of August 
18, 1789, is worth quoting in full, because it exemplifies 
the extraordinarily high quality of the correspondence 
between these two blind Swiss entomologists: “The royal 
eggs and those producing drones have not yet been care- 
fully compared with the eggs that give rise to the workers. 
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But this should be done, so that we can determine whether 
these two kinds of eggs differ by hidden characteristics. 
The food supplied to the queen larva is not the same as 
_ that given to the common larva. Could we not try, with 
the point of a pencil, to remove a little of the royal food 
and give it to a common larva deposited in a cell of the 
largest dimensions? I have seen common cells hanging 
almost vertically, in which the queen had laid eggs; and 
these I would prefer for such an experiment.” In 1955 
Weaver followed approximately this procedure. He dis- 
covered that, if the larvae are given fresh royal jelly every 
two hours, they will develop into queens. An alternative 
method was employed by Jay (1964), who found that if 
larvae are transferred to the deposits of royal jelly three 
times a day, about half will develop into adults with 
predominantly queen-like features. Conversely, larvae 
reared on “worker jelly” —the salivary secretion deposited 
by workers into regular brood cells—invariably develop 
into workers (Rembold and Hanser, 1964). Honeybees are 
unique among the social bees in the amount of care the 
nurse bees give to the growing larvae. One apparently 
typical larva observed continuously by Lindauer (1952) 
and his assistants was visited 2,069 times by nurse workers, 
who spent a total of 181 minutes and 38 seconds with it. 
The larva was fed during 143 of the visits, during a 
summed period of 109 of the 181 minutes. Thus a clear 
opportunity exists for the nurse workers to appraise the 
developmental status of larvae at frequent intervals and 
to adjust the feeding schedule accordingly. Whether they 
do so remains the key question. Weaver (1957) noted that 
nurse bees accept larvae transferred to cells of the other 
caste with increasing reluctance as the larvae age, so it 
is apparent that they do have at least a crude means of 
assessing the emerging caste characteristics. Free (1960) 
interpreted data from studies by Lindauer and himself to 
indicate that the nurse workers do in fact make regular 
evaluations of the caste and age of the larva. He regarded 
it as probable that each nurse deliberately varies the 
composition of her secretions to conform to the status of 
each larva visited. Nevertheless, the evidence does not 
entirely exclude the alternative possibility that each bee 
specializes in producing a narrow range of secretions and 
limits her visits to the larvae suited to receive them. 
Ever since Weaver found that adult queens can be 
reared in vitro on a diet consisting solely of royal jelly, 
the way has been open for the chemical identification of 
the compounds essential for queen determination. How- 
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ever, two formidable technical difficulties have so far 
thwarted all efforts to do so. First, it turns out that the 
critical substance (or combination of substances) is very 
labile. Royal jelly loses its potency after a few months 
when stored in ordinary refrigeration and after a few 
hours when kept at room temperature. The decomposition 
is of course hastened when the materials are subjected to 
the ordinary diluting and heating techniques of organic 
microanalysis. The second difficulty stems from the ex- 
traordinary chemical complexity of raw royal jelly. Not 
even the anatomical sources of the material have been 
identified with full certainty. The hypopharyngeal and 
mandibular glands are principal contributors, but still 
other cephalic glands may be involved. Honey and pollen 
are known to be added to the worker diets from around 
the third day of larval life. These are believed to originate 
in the crop of the adult nurse workers, but this conclusion 
is no more than a weak inference from indirect evidence 
(Ribbands, 1953; Irmgard Hoffman, 1960). If these sub- 
stances are indeed regurgitated, they may bring with them 
other active compounds from the foregut of the nurse 
workers. The function (if any) of honey and pollen in caste 
determination is still unknown. Simpson (1960) has gone 
so far as to question whether pollen even plays a role in 
larval nutrition. 

The biochemistry of royal jelly, a subject surveyed from 
differing points of view by Townsend and Shuel (1962), 
Rembold (1965), Weaver (1966), Weaver et al. (1968), 
Barbier (1968), and Painter (1969), is a discouraging 
morass of largely unrelated details. The identified com- 
ponents include water, sugars, and proteins. In addition 
there exists a large quantity of an unusual fatty acid, 
10-hydroxy-trans-2-decenoic acid, which has been sug- 
gestively referred to as “royal jelly acid.” In spite of its 
abundance and close structural similarity to the queen 
substance (9-keto-trans-2-decenoic acid), a proven phero- 
mone of great potency, royal jelly acid has not been 
implicated in caste determination or any other social role. 
Recently several other aliphatic hydroxy-acids, dicarbox- 
ylic acids, and aromatic acids have been isolated from 
royal jelly. Still other compounds identified include all of 
the common amino acids, several B vitamins (pantothenic 
acid is especially abundant), acetylcholine, 24-methylene 
cholesterol, adenosine di- and triphosphate, and “biop- 
terin,” which is 2-amino-4-hydroxy-6-(L-erythro-1’,2’- 
dihydroxypropyl)-pteridine. There also exist astonish- 
ingly large amounts of nucleic acid bases. In a one-gram 
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sample of lyophilized jelly analyzed by Marko et al. 
(1964) there were 47.0 mg of RNA associated with phos- 
phorus and an equal amount of phosphorus-associated 
DNA. Judging from the current rate of identification of 
new components, it seems safe to predict that the chemis- 
try of royal jelly has been no more than marginally ex- 
plored. The very meaning of its particular composition still 
eludes us, and there is an excellent chance that the critical 
caste substance remains among the fraction still to be 
identified. 

In the absence of the crucial biochemical information, 
no less than six competing hypotheses are extant con- 
cerning the physiological basis of caste determination in 
Apis mellifera. The multiplicity of hypotheses is never- 
theless useful, not only because they state the problem 
more clearly but also because they delineate the subtle 
distinctions that are possible in any set of physiological 
models of caste determination. 

First hypothesis. The larger quantity of food given to 
the queen larva in the first three days causes both faster 
growth and a stimulation of hormone production ade- 
quate to produce queen characteristics (Haydak, 1943). 

Second hypothesis. A specific, labile compound is pres- 
ent in royal jelly that causes early queen determination 
(Weaver, 1955). 

Third hypothesis. Larvae are deficient in a growth hor- 
mone when reared on ordinary diets, a condition reflected 
by low mitochondrial content and reduced respiratory 
‘rate, and they thus become workers. Royal jelly contains 
a substance, perhaps the hormone itself, which makes up 
for this deficiency and permits the development of com- 
plete females, that is, queens (Osanai and Rembold, 1968; 
Rembold, 1969). 

Fourth hypothesis. The early diet of the queen larva 
contains a factor that inhibits metamorphosis and hence 
promotes the eventual attainment of greater adult size. 
The later diet of the queen contains another factor that 
promotes development of reproductive organs (von Rhein, 
1956). 

Fifth hypothesis. The nutrient balance in the early larval 
diets, controlled carefully by the nurse workers, causes 
variation in hormonal balance which in turn leads to the 
establishment of caste differences (Shuel and Dixon, 
1960). 

Sixth hypothesis. Substances in the food of worker 
larvae promote the development of workers or inhibit the 
development of queens (Weaver, 1966). 
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Of course not all of these models are mutually exclusive. 
If any consensus exists among contemporary students of 
the subject, it is that some factor in the queen diet triggers 
an endocrine change in the earliest stage of larval devel- 
opment. This change in turn brings about an important 
physiological alteration, the most visible manifestation of 
which is an increased mitochondrial content together with 
a quickened respiratory rate, both lasting through most 
or all of the larval period. 

Although the royal jelly problem has a perennial fasci- 

nation, the most significant aspect of honeybee polymor- 
phism is, in my judgment, the extraordinarily elaborate 
division of labor displayed by the workers. Very little 
morphological variation occurs within the worker caste. 
The weight of individuals ranges from 80 to 110 mg, and 
allometric variation among the body parts is negligible. 
Size has some influence on behavior, but this factor is 
small compared to the profound changes that occur in a 
regular progression through the 30-odd days in the adult 
life of the average worker bee. Temporal polyethism ap- 
pears to have been first recorded, and with reasonable 
accuracy, by Charles Butler in 1609: 
The young Bees as best able, beare the greatest burdens: for they 
not only worke abroad but also watch and ward at home both 
early & late: whe need is, they hazard their lives in defense of 
the nest, they beat away the drones, & fight with other Bees and 
waspes, and assaule with their speeres whatsoever else offendeth 
them, they carry their dead forth to be buried, and performe al 
other offices. But the labour of the old ones is only in gathering, 
which they wil never give over, while their wings can bear them: 
& then when they cease to worke, they wil cease also to eate: 
such enemies are they to idlenes (The Feminine Monarchie). 

The same basic pattern was rediscovered in 1855 by 
Dönhoff. He found that he was able to follow the activities 
of single workers when he requeened a colony of black 
Apis mellifera with a yellow queen and thus made it pos- 
sible to detect her offspring from the moment they 
emerged among their black nestmates. Dönhoff noted that 
during the first part of their life the workers stayed in the 
brood area. By the age of ten days they were assisting in 
the repair of broken comb and the construction of new 
comb from wax. Not until they were 15 days old did they 
begin to forage outside the hive. Based on limited obser- 
vations of his own, Gerstung (1891-1926) proposed a 
detailed scheme for the allocation of tasks which he 
thought depended on a rigid time schedule of glandular 
development. Gerstung’s theory was partially confirmed 
and greatly extended by the meticulous studies of Résch 
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FIGURE 9-4. Changes in behavior and in the thickness of 
four exocrine glands during the adult life span of worker honey- 
bees (modified from G. E. King, 1933). 


(1925, 1927, 1930). Since that time polyethism has been 
investigated with increasing depth by other investigators, 
among whom G. E. King (1933), Ribbands (1952), 
Lindauer (1952), and Sekiguchi and Sakagami (1966) 
deserve special mention. The amount of effort that has 
gone into these studies is in fact quite extraor- 
dinary—Sekiguchi and Sakagami, for example, spent 720 
hours observation time to collect data on 2,700 individ- 
ually marked bees, while Lindauer watched a single 
worker for a total of 176 hours and 45 minutes! 

The essential story of temporal division of labor is 
presented in Figures 9-4 to 9-6. These curves and dia- 
grams contain information extracted from the work of 
King and Lindauer. Figure 9-4 illustrates how in the first 
days of adult life two of the principal sources of larval 
food, the hypopharyngeal glands (usually called the 
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pharyngeal glands in the older literature) and the man- 
dibular glands, reach the peak of their development. This 
phase coincides approximately with the nursing period of 
the bees, during which time they feed the larvae and 
queen with the glandular secretions. Shortly after the 
onset of the first phase, indeed almost coincidentally with 
it, the wax glands undergo a rapid growth and are main- 
tained in a functioning condition during a three-week 
period. During this time the bee is active in the con- 
struction and sealing of brood and honey cells. The nurs- 
ing and construction periods are so broadly overlapping 
as to be almost coincidental. At two to three weeks into 
adult life, as the three principal glands shrink in size and 
become less productive, the worker becomes a field bee. 
Under normal circumstances it remains in this condition 
for the rest of its life. The exact timing of the principal 
episodes, and the insertion of lesser activities into the 
timetable, vary greatly among individual workers. Fur- 
thermore, as Kerr and Hebling (1964) have shown, larger 
bees become field workers about a week before their 
smaller sisters. Figure 9-5 shows the record of one worker 
watched by Lindauer for several hours a day for the first 
24 days of her life. In this particular case, the overlap of 
the nursing and construction periods is broader than 
usual, but the sharp changeover from the status of house 
bee to field bee is typical. The still more detailed protocol 
of Figure 9-6 points up a very important feature of the 
labor schedule of the worker bee, namely that the bee is 
not propelled from task to task according to any internally 
guided program. Instead, the individual bee is very labile 
in its behavior and seems to respond to exigencies as they 
are encountered. Moreover, the bee spends about two- 
thirds of its time either resting or wandering through the 
interior of the nest, an activity that Lindauer has referred 
to as patrolling. In Lindauer’s view these two outwardly 
unproductive activities enhance the capacity of the colony 
as a whole to respond to capricious changes in the envi- 
ronment. Patrolling bees assess the needs of the colony 
from moment to moment and are thus able to respond 
to local requirements with less delay. Resting bees consti- 
tute a reserve force, available for major emergencies, such 
as overheating of the nest or invasion by a predator, that 
require the simultaneous employment of many individ- 
uals. In the case of the working bees, a superabundance 
of individuals at any given task—for example, the build- 
ing of brood cells or the collection of water—forces some 
into other, less crowded functions, and the division of 


Chapter 9 


AGE OF BEE 0-11 3 4 5 6 7 8 9 10 111213141516 17 18 19 20 212223 24 DAYS 


M ail 


PATROLLING | 


EATING POLLEN | 

J 

] TENDING [BROOD 

| BUILDING COMB 

x 
5. CAPPING 
j 10 

GUARDING E 


PERCENTAGE OF TIME SPENT ON EACH OCCUPATION 


Fa > poem POLLEN 


a PLAY FLIGHTS 


(M NG 


| = _ Fo 


DANCE ne 


ee 
DURATION OF 364 846475 91051072 9 45 6632 6 65 945 97585951039 HOURS 


OBSERVATIONS 


FIGURE 9-5. The activities of a single worker honeybee dur- 
ing the first 24 days of her adult life (redrawn from Ribbands, 
1953; based on data of Lindauer, 1952). 


labor tends always to attain the proportions appropriate 
to the needs of the colony as a whole (Free, 1965). 

The flexibility of individual labor schedules extends 
even to functions limited by glandular activity. Nolan 
(1924) and Rôsch (1930) discovered that when a short- 
age of wax-producing bees arises, some of the older 
workers redevelop their wax glands and recommence 
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comb building. This result has been corroborated by ex- 
periments of Orösi-Päl (1956), who showed that the critical 
stimulus is the presence of empty space in the hive suitable 
for comb building. Rösch also found that when honeybee 
colonies were decimated so as to leave only older bees 
that had previously flown, the hypopharyngeal glands of 
many of these individuals regenerated and became func- 
tional. According to Moskovljevic-Filipovic (1956), some 
of the older workers regenerate their glands and return 
to nursing, but others do not, so that the result is a redress 
of the earlier numerical balance between nurse and field 
bees. Free (1961b), in conducting more detailed experi- 
ments of the Résch type, found that the presence of larvae 
is necessary for the redevelopment of the hypopharyngeal 
glands. Precisely which signals from the larvae are critical 
is still unknown. Other factors not mediated by colony 
communication may be involved. For example, the hypo- 
pharyngeal glands will not develop if the workers have 
no pollen in their diet, this being the principal source of 
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FIGURE 9-6. The activities of a single worker honeybee dur- 
ing the eighth day of her adult life (redrawn from Ribbands, 
1953; — on data of Lindauer, 1952). 
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proteins, Vitamins, and fats for bees (Kratky, 1931). Fi- 
nally, Milojevic (1940) found that the original develop- 
ment of the hypopharyngeal glands is prolonged beyond 
the norma! time for regression if the workers are forced 
to continue on duty as nurse bees. 


Stingless Bees: From Trophogenesis to 
Genetic Determination 


The Meliponini are similar to the honeybees in the 
degree of queen-worker dimorphism. The queen is ap- 
proximately the same weight as the worker, but she 
possesses a smaller head and thorax, which is compen- 
sated for by a proportionately larger abdomen. Like the 
honeybee queen, she exhibits many other peculiarities in 
the conformation and color of all her major body parts, 
and she is equally highly specialized in behavior. Since 
colonies multiply by fission and swarming, rather than by 
the emission of single founding queens, the meliponine 
queen has little to do in her life besides feed, mate, and 
Jay eggs. She never aids the workers in the daily chores 
of nest building, brood care, and foraging. The stingless 
bees further resemble the honeybees in lacking morpho- 
Jogical worker subcastes. The workers vary only moder- 
ately in size, and the smallest and largest individuals are 
closely similar in body proportions and behavior. Division 
of labor is achieved through an orderly progression of 
behavioral changes that occur through the life of individ- 
ual workers, in conjunction with predictable events in 
development of some of the principal exocrine glands. 

The meliponines have nevertheless staged a radical 
departure from the honeybees and all other social insects 
by evolving a genetic control of caste determination. In 
the primitive state, exemplified by Lestrimelitta and Trig- 
ona, the determination of individuals to either the queen 
or the worker caste is still trophogenic. In this case two 
kinds of brood cells are constructed by the colonies, small 
ones for workers and drones and large ones for queens. 
According to Kerr (1950a), the queen cells are most often 
located near the margins of the brood combs. Thus the 
workers are able to determine the caste of the individual 
female larvae. The physiological control is presumably 
exercised by means of differential feeding. In some spe- 
cies, for example Trigona carbonaria (Rayment, 1932), the 
cells are kept open for several days, and new food is added 
after the larvae hatch. Even after its cell is closed, the larva 
feeds on a sequence of nutriments: first the glandular 
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secretion provided by the workers just before the cell 
capping, then the honey and pollen mixed with some 
glandular food. There are abundant opportunities for the 
nurse workers to influence caste development by fine 
adjustments in the absolute and relative quantities of these 
principal constituents. 

In the genus Melipona, by contrast, the sizes of the cells 
producing workers and queens are identical, and the 
queen cells are scattered randomly through the brood 
comb. Kerr (1950a,b) observed that the ratios of queen 
pupae to worker pupae during the reproductive season tend 
to be constant and to conform at least approximately to the 
phenotypic ratios that would be expected if the queens 
were heterozygous for two or three independently assort- 
ing loci. The Kerr hypothesis can be easily grasped by 
examining the diagram in Figure 9-7. The key feature is 
that only individuals who are completely heterozygous for 
paired allelomorphs at all of the loci are capable of devel- 
oping into queens. It follows that the inheritance of female 
caste (queen versus worker) can be represented in the 
simple fashion displayed in the figure, which is roughly 
the equivalent of an F, hybrid cross of the kind familiar 
in elementary genetics. The reason for this felicitous cor- 
respondence is the following. Since the male is a hemizy- 
gous individual derived from an unfertilized egg (this 
generalization will be examined further in Chapter 17), 
its genotype will be the same as one of the four equally 
possible haploid products of female meiosis; in other 
words, it will be either AB, or Ab, or aB, or ab. It carries 
one of these four possible combinations of female caste 
genes, even though its parthenogenetic origin has pre- 
determined it to be a male displaying neither queen nor 
worker characteristics. It mates with a queen whose com- 
plete heterozygosity for the caste genes dictates that her 
eggs will bear the four combinations (AB, Ab, aB, ab) in 
equal abundance. At fertilization an average one-fourth 
of the diploid products will be heterozygous for both loci 
and hence capable of developing into queens, as shown 
in Figure 9-7. Kerr’s hypothesis assumes that each queen 
will mate with only a single male. Evidence for single 
matings in Melipona quadrifasciata has been provided by 
Kerr et al. (1962). If three loci are involved in caste deter- 
mination, one-eighth of the zygotes can be expected to 
be queen-potent, by a straightforward extension of the 
reasoning from the two-locus model. 

The fit of actual queen-worker ratios to theoretical 
values has been less than perfect. In Table 9-1 are given 
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FIGURE 9-7. The Kerr hypothesis of genetic caste determi- 
nation in stingless bees of the genus Melipona. This example is 
of the two-locus case found in some species of the genus. Only 
the complete heterozygotes, which are indicated by crosshatch- 
ing, are capable of developing into queens. Regardless of the 
genotype of the parental male, the genetic queens will always 
constitute one-fourth of the offspring. 


the maximum ratios in samples accumulated by Kerr and 
- his co-workers to the present time. The convergence of 
most of these maximum values to the 25 percent level is 
impressive and supports the idea of a widespread occur- 
rence of two-locus caste control in Melipona. Where max- 
imum values fall below 25 percent, they do not conform 
to the next lower level of 12.5 percent predicted by the 
three-locus model. The simple genetic hypothesis also does 


TABLE 9-1. Maximum percentage of queens found in 
different species of Melipona (from Kerr, 1969). 


Segregation 

= — — Percent 
Species Workers Queens queens 
M. marginata m 62 25.9 
M. quadrifasciata 18 Ul 28.0 
M. nigra 11 4 26.7 
M. rufiventris? 18 4 18.1 
M. interrupta fasciculata 27 7 20.6 
M. favosa orbignii® 49 8 14.0 
M. pseudocentris 142 39 INS 
M. melanoventer 111 15 11.9 
M. quinquafasciata 22 9 29.0 
M. flavipennis? 38 3 7.3 


on many samples with about 25 percent queens. 


aSpecies in which only this sample was taken; the others were based 
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not explain why queens are not produced at all in winter 
or in poorly fed colonies. The obvious explanation, which 
has been tested by Kerr and Nielsen (1966) and Kerr, 
Stort, and Montenegro (1966), is that both the caste genes 
and environmental factors (most likely nutrition) are lim- 
iting in caste determination in Melipona. A breakthrough 
in methodology came when it was discovered that queens 
invariably have four abdominal ganglia while workers 
have four or five (Figure 9-8). Kerr and his co-workers 
deduced that all individuals who end up with four ganglia 
are capable of developing into queens but require the right 
food to do so, while all individuals with five ganglia are 
destined to become workers regardless of the state of their 
nutrition. The important test is that ganglion numbers 
segregate strictly according to the 3:1 ratio (three females 
with five ganglia to each female with four ganglia) pre- 
dicted by the two-locus model. But the failure of some 
of the queen-potent larvae with four abdominal ganglia 
to receive adequate nutrition causes most or all of the 
remainder of their adult morphology to become worker- 
like. These individuals can therefore be regarded as ge- 
netic queens who are phenocopies of workers, and they 
are referred to as “queen-like workers.” During the winter, 
or whenever the colony falls on hard times, all of the 25 
percent of the female population with queen-potent genes 
are turned into “queen-like workers,” so that the offspring 
of the colony are exclusively composed of functional 
workers. What are the environmental factors that regulate 
the development of the queen-potent larvae? In experi- 
mental studies on M. quadrifasciata, Kerr, Stort, and 
Montenegro (1966) eliminated from consideration most 
of the conceivable factors including temperature, the nu- 
tritional status of the mother queen, the number of eggs 
laid by the mother queen in the brood cell, and the pro- 
portion of protein in the colony diet. Instead, the ultimate 
caste of the queen-potent larva was shown to be closely 
related to the quantity of food present in the closed brood 
cell. Each cell is filled by four to eleven workers, an oper- 
ation requiring 15 to 64 seconds to complete. Queens were 
observed to emerge from cells provisioned by four to eight 
workers, but none were ever seen to be produced in cells 
provisioned by nine to eleven workers. It turns out, 
curiously, that the more nurse workers participating in the 
provisioning, the less the total amount of material con- 
tributed, so that queens actually emerge from cells in 
which larger quantities of food were placed. This fact is 
reflected in the greater average size of queen pupae. Pupae 
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FIGURE 9-8. Abdominal section of the ventral nerve of 
Melipona marginata, showing the sex and caste differences in 
gross structure (redrawn from Kerr and Nielsen, 1966). 


weighing less than 72.0 mg failed to show the expected 
3:1 ratio of workers to queens. 

Studies on the ontogeny of adult behavior in meliponine 
workers have revealed patterns basically similar to that 
of Apis mellifera but differing in three principal respects: 
the period of wax cell construction begins earlier and is 
more prolonged, the life span is greater, and foraging 
begins at a later age. Kerr and dos Santos Netos (1956) 
marked eight workers of Melipona quadrifasciata with 
different combinations of numbers and colors and fol- 
lowed them for four continuous hours every day through- 
out their lives. The oldest bee lived for 49 days. In the 
first 11 days, the bees secreted and manipulated wax and 
participated in the cleaning of the brood area. From the 
ninth day through the twenty-first day, they constructed 
and filled brood cells, and fed younger bees and the 
queen, after which they manipulated wax without con- 
structing brood cells and began to specialize more on nest 
cleaning and (for the first time) the reception of regurgi- 
tated nectar from the older field bees. Sometime between 
the ages of 34 and 37 days they shifted to field activities. 
Hebling, Kerr, and Kerr (1964) conducted a parallel study 
on Trigona xanthotricha, this time using the method of 
introducing worker pupae into nests of T. postica, where 
they could easily be distinguished on the basis of a striking 
color difference in the adult state (xanthotricha are yellow, 
and postica are black). Sixty workers watched in this 
manner lived an average of 94 days. In the first several 
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days they began working with wax and cerumen. This 
activity was continued, at a varying pace, for the remain- 
der of their lives. For from 9 to 30 days they provisioned 
cells and fed the queen. Then, during a brief period lasting 
from 31 to 36 days into adult life, they secreted wax. 
Guarding of the nest began at 33 days on the average 
and was continued for the remainder of their lives. For- 
aging was initiated at 42 days and also continued to the 
end of life. After 52 days the first individuals began fol- 
lowing odor trails laid down from the mandibular glands 
of other workers, but it was not until 56 days that they 
began laying trails of their own. Carminda da Cruz- 
Landim and Ferreira (1968), in a separate study of T. pos- 
tica, discovered that this curious inability to lay trails 
until after trail following has been commenced is caused 
by the temporary failure of the mandibular glands to fill 
their reservoirs. It thus appears that the behavioral se- 
quence does not result from a lag in learning but rather 
from a more elementary form of physiological program- 
ming. 


Caste in Social Wasps 


Among the species of social wasps are found almost all ` 
conceivable stages in the evolution of caste from the most 
primitive behavioral differentiation of female nestmates 
to a well-defined queen-worker dimorphism. Wherever 
morphological differences exist, they appear to have a 
relatively simple nutritional basis. Division of labor 
among workers and programmed behavioral changes 
during the lives of individual workers are either absent 
or, at best, very weakly developed. In short, caste systems 
of the social wasps have not evolved as far as those of 
the other major groups of social insects. 

The origin of caste systems is adumbrated in the life 
cycle of colonies of the quasisocial species of the polistine 
genus Belonogaster and probably also those of Ropalidia 
and the Stenogastrinae (Roubaud, 1916; Spradbery, 
1965). There are no externally visible morphological 
differences among the collaborating females. Young indi- 
viduals begin life as foragers and later join the parent 
female in egg laying. Thus subordinate reproductive castes 
do not exist. Among the species of Polistes, all of which 
are truly social, the worker caste is kept in a subordinate 
position by aggressive dominance behavior on the part 
of the egg-laying females. The degree of the development 
of the ovaries, and hence the very capacity to lay eggs, 
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is tightly correlated with the position of the female in the 
dominance hierarchy. Mary Jane West Eberhard (1969) 
has found that in Colombian populations of P. canadensis, 
no external morphological differences are apparent be- 
tween the dominant “queens” and the subordinate 
“workers.” Status is maintained by precise aggressive 
relations among the colonv members. In the temperate 
species P. fuscatus, on the other hand. there is a significant 
difference in mean size in the spring and early summer 
between the foundress queen and her worker offspring. 
but with a broad overlap in the size frequency curves of 
the two classes. Even in species showing no visible external 
caste differences. there may still exist differentiation at the 
physiological level. In the autumnal nests of P. exclamans, 
for example. future queens (that is. those destined to 
overwinter and start colonies the following spring) are 
indistinguishable from their worker sisters in external 
morphology, but thev show a strikingly greater develop- 
ment of the parietal fat bodies located beneath the ab- 
dominal tergites (Kathleen Eickwort, 1969a). Among the 
remaining species of the Polistinae, comprising the so- 
called tribe Polybiini, the degree of polymorphism varies 
greatly (Richards and Richards. 1951). The most advanced 
case known is that in Srelopolvbia flavipennis (Figure 9-9). 
Here we see a large size difference accompanied by an 
allometric thickening of the body. The entire subfamily 
Vespinae is also characterized by a complete dimorphism 
of queen and worker associated with similar allometric 
thickening (Blackith, 1958a: see Figure 3-13). The Ves- 
pinae appear to have evolved their moderately advanced 
dimorphism along the same lines as the Polistinae, but 
are no longer represented by the early and intermediate 
phylogenetic stages in the living fauna. 

In two articles published in 1896 and 1897 Paul Marchal 
postulated that the physical divergence of the queen and 
worker castes of the Vespinae is based on nutritional 
discrimination during larval growth. He considered the 
workers to be victims of “nutritional castration” (castration 
nutriciale). Deprived of adequate nourishment in their 
larval period, these individuals have ended up as stunted 
adults with underdeveloped ovaries. In spite of its sim- 
plistic sound, Marchal’s idea may well be close to the truth 
in social wasps generally. It can be fitted rather exactly 
to what is known about the adult caste system of Polistes. 
Workers of this genus are subordinate individuals who 
must commit relatively large fractions of their time and 
energy to foraging trips. When they return to the nests, 
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FIGURE 9-9. A queen and a typical worker of the wasp 
Stelopolvbia flavipennis from Brazil. This is the most extreme 
example of queen-worker dimorphism known in the Polistinae 
(from Evans and Eberhard. 1970). 


the food they have collected is transterred in dispropor- 
tionate amounts to the dominant females. who use the 
energy to make more eggs and thereby entrench them- 
selves still further. Some evidence also exists to suggest 
that differential larval growth leading to morphological 
caste differences among the adults has a relatively direct 
origin in larval nutrition, much as conceived by Marchal. 
The life cycles of social wasp species generally are pro- 
grammed to insure a gradually increasing food supply for 
individual larvae as the colony grows older. Richards and 
Richards (1951) demonstrated this to be the case in the 
Polybiini, and they provided a population growth model 
which predicts a higher ratio of workers to larvae as an 
automatic by-product of ordinary colony demography (see 
Chapter 21). A similar effect has been documented in 
Fespula germanica by Spradbery (1965) (Figure 9-10) and 
in Polistes fuscatus by Eberhard (1969). Eberhard noted 
a second seasonal trend that progressivelv increases the 
food supply of individual larvae: from June to August 
there is a gradual increment in the percentage of loads 
brought back by Polisres workers consisting of food as 
opposed to building materials. The average size of newly 
emerging females also increases gradually until finally. in 
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August and September, many individuals are produced 
that are as large as the foundress queen. These females 
are the ones that mate in the fall, go into hibernation, 
and emerge the following spring to become foundresses 
of new colonies. 

Still other circumstantial evidence can be cited that 
is consistent with the elementary nutritional hypothesis 
of caste determination. When Deleurance (1952b) chilled 
Polistes gallicus larvae from late-season colonies at night 
(to 5°C), they still metamorphosed into queens. But when 
he chilled the nurse workers, presumably slowing their 
activity during the ensuing days, some of the larvae they 
were attending transformed into workers. The queens of 
Vespula are reared in larger cells than those used to pro- 
duce workers, so that the nurse workers evidently exercise 
some control over caste. An analysis of Vespula by Mon- 
tagner and Courtois (1963) revealed that the queen larvae 
start receiving more food than the worker larvae when 
both are between 0.4 and 0.6 cm in length, and the two 
castes diverge in size decisively thereafter. Since the food 
given them by the nurse workers appears to consist pri- 
marily or even entirely of nectar, honeydew, fruit pulp, 
and chewed insect prey, it seems to follow that the quantity 
of food, rather than its quality, is crucial. The possibility 
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FIGURE 9-10. The larva/worker ratio in colonies of Vespula 
germanica collected at different times of the active season in 
England. As the colony population grows, the larva/worker 
ratio drops, providing more food for individual larvae and pre- 
sumably improving the opportunity for them to mature as 
queens rather than as workers (redrawn from Spradbery, 1965). 
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that special additives are secreted into this raw material 
by the nurses cannot be ruled out. Deleurance (1955a) 
reported that the salivary glands of Polistes gallicus 
workers change progressively with age, and he has gone 
so far as to hypothesize that salivary secretions play a role 
in caste determination. 

Division of labor appears to be quite elementary 
throughout the social wasps. A slight morphological bias 
has been detected in Vespula germanica by Spradbery 
(1965). Workers weighing 25 mg or less, and with wings 
10 mm in length or less, spend most of their time in the 
nests; larger workers from the same colonies usually for- 
age. Gaul (1947, 1948) reported that in North American 
species of Vespula a distinct class of nurse wasps develops 
about the time virgin queens are produced, and occasional 
wingless individuals appear (in V. squamosa) which are, 
of course, wholly confined to the nest. Polyethism accord- 
ing to age is also weakly defined in the wasps. Polistes 
fadwigae workers do not forage until about a week fol- 
lowing eclosion, and the older workers have a greater 
tendency to participate in nest work, but there is otherwise 
no clear scheduling of tasks (Yoshikawa, 1963a). According 
to Montagner (1967), Vespula workers assist in nest build- 
ing during the first few days after emergence, and then 
they also begin to feed larvae; finally, some individuals 
add foraging to their repertory. A very similar pattern has 
been recorded in Vespa orientalis by Ishay et al. (1967). 


Caste Evolution as a Function of 
Colony Size 


Evolutionary trends in caste in both the social bees and 
wasps display an unmistakable correlation with evolution 
in colony size. At the risk of oversimplification I would 
like to suggest that this relation involves the following four 
steps, in each of which the mature colony size is given 
followed by the caste system generally associated with it. 

1. From 2 to approximately 50 adults. In species having 
this marginally low range of mature colony size, the fe- 
males are either considered to be semisocial, such as the 
halictine bees in Augochloropsis and Pseudaugochloropsis, 
or else they are ambimorphic—starting life as workers but 
later becoming egg layers—as in Belonogaster and possi- 
bly also some of the Stenogastrinae. 

2. From approximately 10 to 400 adults. The queen caste 
is still identical to the worker caste in external morphology 
or is at most weakly differentiated and connected by 
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intercastes. But there is a distinct functional worker caste, 
usually held in a subordinate position by aggressive 
dominance behavior on the part of the egg-laying females, 
which behavior includes the stealing and eating of eggs 
laid by rivals. Temporal polyethism is weakly developed 
or absent in the worker caste. Examples include the species 
of Bombus and Polistes. Among the Halictinae the domi- 
nance is less overt, but still involves egg stealing. 

3. From approximately 100 to 5,000 adults. A modest 
degree of morphological queen-worker dimorphism is at 
least partly under the control of the nurse workers, which 
practice preferential feeding during the rearing of the 
larvae. Overt dominance behavior is usually no longer 
displayed by the queen, although it may still exist within 
the worker caste, as in the genus Vespula. Temporal poly- 
ethism is only weakly developed in the worker caste. Most 
or all of the Vespinae exemplify this evolutionary stage. 

4. From approximately 300 to 80,000 adults. The 
queen-worker dimorphism is very strong in ways that 
appear to be correlated with swarming as the mode of 
colony multiplication. Dominance behavior has nearly 
disappeared, and, in Apis at least, control by the queen 
is achieved through inhibitory pheromones. In the melip- 
onines there are still traces of what might be interpreted 
as dominance: the workers generally avoid direct ap- 
proaches to the queen and often crouch when face to face 
with her. Temporal polyethism is strongly developed in 
the worker caste. Examples include the higher Apinae, 
both the honeybees and stingless bees (Meliponini). 
= These trends should provide a rich source for future 
investigation and theoretical analysis. At present it is 
possible to summarize them in part by the simplifying 
generalization that, as mature colony size increases, the 
degree of caste differentiation increases. But there is much 
more to the story than that, and deeper analysis is need- 
ed. In the early stages of social evolution the relations 
among the females are very flexible and permissive. As 
colony size increases, a primitive form of dominance con- 
test makes its appearance as the arbiter of caste. Both the 
queens and the reproductively competent workers treat 
each other with overt aggression whenever the repro- 
ductive function is subject to dispute. Finally, in the very 
large colonies of the Apinae, hostility among colony 
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members is all but eradicated, even at times when the nest 
queen departs or loses vitality to the point that she sur- 
renders her reproductive role. Why should this be? 
Sakagami (1954) argued correctly that in the honeybee 
colony the population is too large, and the lives of the 
workers too short, to permit the existence of individual 
recognition leading to the establishment of hierarchies. 
But Montagner’s analysis of Vespula has demonstrated 
that hierarchies need not be based on such recognition. 
Rather, rank works itself out in a statistical manner from 
the innumerable and impersonal aggressive interactions 
of the individual colony members. We can go further and 
conclude that the concept of dominance in the traditional 
sense of vertebrate ethology has to be abandoned alto- 
gether when considering the honeybee. The queen of Apis 
mellifera “controls” the worker caste only in a very narrow 
sense. Her attractive scents make her a rallving point for 
colonies, and during colony fission swarming can be con- 
summated only if she is present. The queen also sup- 
presses the rearing of new queens and the development 
of worker ovaries by means of a pheromone. Otherwise, 
the workers are very much in charge of colony repro- 
duction. They build the royal cells, create new queens, and 
initiate and guide the swarms. They even prepare the 
virgin queens for the nuptial flights by reducing their food 
supply and encouraging them on their way by aggressive 
shaking movements (M. Delia Allen, 1965), For several 
days before a swarm emerges from the hive, the workers 
give the queen less food than usual and frequently behave 
aggressively toward her; the queen loses weight and con- 
sequently is able to fly the longer distances required in 
colony fission. Workers initiate the swarm by the buzzing 
run, and they often actively pursue the queen and force 
her to leave the hive (von Frisch, 1967a). In short. female 
reproductive behavior itself has undergone a division of 
labor in which new supporting roles have been secondarily 
assigned to the worker caste. The new properties of spe- 
cialization and integration coupled together transcend the 
simple dominance hierarchies of the bumblebees and 
social wasps and provide new evidence that it is the entire 
colony, and not just the kinship group within the colony, 
that constitutes the unit of natural selection. 
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Although termites and ants are phylogenetically remote 
from each other, they have evolved a caste system that 
is remarkably similar in several major respects. Both have 
produced a soldier caste that is highly specialized in both 
head structure and behavior for colony defense, and both 
are characterized by a worker caste that is numerically 
dominant in the colonies, morphologically similar from 
. Species to species, and behaviorally versatile. The number 
of physical castes in the phylogenetically most advanced 
termite species is somewhat greater than in the most 
highly evolved ant species, but the average degree of spe- 
Galization of individual castes is about the same. Finally, 
the higher termites have developed temporal polyethism 
that resembles that of the ants in broad outline. 

Some differences also exist between the caste systems 
of termites and those of ants and their fellow social 
hymenopterans. The neuter castes of termites are consti- 
tuted of both sexes, and there are no termite “drones,” 
which live solely for the act of mating and are pro- 
grammed for an early postreproductive death. The social 
Hymenoptera, it will be recalled, are holometabolous, and 
their grub-like larvae are incapable of contributing to the 
Jabor of the colony. The termites have the more primitive 
trait: they are hemimetabolous, which means that the 
immature stages are not radically different in form and 
behavior from the mature stages. In the lower termites 
the nymphs contribute to the work of the colony; in other 
words, there is an employment of “child labor.” This is 
not the case in the higher termites (the family Termitidae), 
where the immature forms are wholly dependent on a 
well-differentiated worker caste. Caste determination in 
termites has several unique features. The reproductive 
castes of lower termites secrete sex-specific pheromones 


that directly inhibit the metamorphosis of immature indi- 
viduals into reproductive forms. “Regressive molting” 
occurs, in which individuals already in the process of 
developing into a particular caste actually go back to a 
less differentiated stage. Finally, the termites generally 
have a wide array of “supplementary reproductives,” 
fertile but wingless individuals of both sexes which de- 
velop in colonies whenever the primary reproductives are 
removed. The nearly universal occurrence of these substi- 
tute castes provides termite colonies with a degree of 
resiliency, leading in extreme cases to potential immortal- 
ity, that is seldom encountered in the social Hymenoptera. 


The Kinds of Castes 


The classification of termite castes has reached relative 
stability in the literature of the last three decades. The 
following glossary has been collated from the recent ex- 
cellent reviews by E. M. Miller (1969) and Charles Noirot 
(1969b). Familiarity with it is needed for a full under- 
standing of the detailed accounts of caste systems, to 
follow later in this chapter. 

Larva (apterous nymph). An immature individual 
lacking any external trace of wing buds or soldier charac- 
teristics. The number of larval stages varies among the 
species and (in the lower termites) in differing environ- 
ments. 

Nymph (brachypterous nymph). Individuals derived 
from the larval stages who possess external wing buds and 
enlarged gonads and who are capable of developing into 
functional reproductives by further molting. In the course 
of subsequent molts, the wing pads develop in a regular 
manner, and the eyes become differentiated. 
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Worker. In the higher termites (Termitidae), individuals 
characterized by a complete absence of wings and a con- 
sequent reduction of the pterothorax. The compound eyes 
and ocelli are absent or greatly reduced, the genital appa- 
ratus is rudimentary, the head is rounded and propor- 
tionately more voluminous than in other nonsoldier castes, 
the mandibular muscles are powerfully developed, and the 
digestive tract is exceptionally large, occupying a major 
portion of the abdominal cavity. Molting glands are al- 
ways present, and in some cases the workers are capable 
of transforming into other castes. In lower termites there 
is generally no true worker caste, the worker function 
being filled by nymphs and pseudergates. An apparent 
exception has been reported by Buchli (1958), who states 
that Reticulitermes lucifugus contains a worker caste which 
is identical to the pseudergate except that its mesonotum 
is narrower than the pronotum. Actually, the distinction 
between a “true” worker caste and a worker-like caste 
seems to be arbitrary. A worker caste in general can be 
defined as a set of more or less distinctive individuals, 
belonging to one or more instars, who contribute to such 
ordinary chores of the colony as nest construction, clean- 
ing, nursing, and foraging. 

Pseudergate. This term, coined by Grassé and Noirot 
(1947) in the course of their studies on Kalotermes flavi- 
collis, means literally “false worker.” The caste occurs only 
in the lower termites and is comprised of individuals who 
have either regressed from nymphal stages by molts that 
reduced or eliminated the wing buds, or else were derived 

from larvae by undergoing “stationary,” nondifferentiat- 
ing molts. 

Soldier. A form with morphological features specialized 
for defense, such as enlarged mandibles, stopper-like 
heads, or hypertrophied glands capable of discharging 
large quantities of defensive secretions. Generally the 
head is heavily pigmented and sclerotized. A presoldier 
(also known as a “white soldier,” a pseudosoldier, or a 
soldier nymph) is a developmental stage intermediate 
between the larva, pseudergate, or nymph, on the one 
hand, and the definitive soldier form, on the other. The 
presoldier is evidently incapable of functioning in defense. 

Primary reproductive (first-form reproductive, imago). 
The colony-founding type of queen or male derived from 
the winged adult. 

The following three castes sometimes appear in the 
nests when the primary reproductives are removed, and 
they are referred to collectively as supplementary repro- 
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ductives, replacement reproductives, OT neoteinic repro- 
ductives. 

Adultoid reproductive. Found in the higher termites 
(Termitidae) only, this is an imago, closely similar or 
identical to the primary reproductive in morphology. It 
arises in the nest after the disappearance of the primary 
reproductive belonging to the same sex. It may be an 
imago already present, which then merely assumes the 
behavioral role, or a nymph reared to the imago stage in 
apparent response to the absence of the primary individ- 
ual. The formation of imaginal replacements may not be 
universal in the Termitidae, having been reported so far 
only in Anoplotermes, Macrotermes, and Nasutitermes. 

Nymphoid reproductive (second-form reproductive, sec- 
ondary reproductive, brachypterous neoteinic). A supple- 
mentary male or female derived from a nymph and re- 
taining wing buds. 

Ergatoid reproductive (third-form reproductive, tertiary 
reproductive, apterous neoteinic). A supplementary male 
or female without evidence of wing buds, usually larval 
in external form but with a more or less pigmented exo- 
skeleton. 


Division of Labor 


After they meet during the nuptial flight, the primary 
reproductives construct an initial nest cell (the “copu- 
larium”) and set about rearing the first brood. In the case 
of the lower termites, the young couple nourish themselves 
by feeding on wood or soil surrounding the nest. Under 
these circumstances they are capable of surviving for long 
periods of time in the absence of workers. It used to be 
thought that the royal pair of higher termites (species of 
the family Termitidae) take no food until the first brood 
are nearly mature. It was assumed that the pair provide 
for both themselves and their first brood entirely with 
nutritional reserves invested in the fat body, flight muscles, 
and whatever materials are present in the gut at the time 
of flight. However, recent studies on Cubitermes and 
Tenuirostritermes indicate that the reproductives supple- 
ment their reserves by feeding on soil, cast skins, and even 
some of the brood (Nutting, 1969). There is no firm evi- 
dence that any of the higher termites have adopted the 
totally claustral mode of colony founding used by all the 
phylogenetically advanced subfamilies of ants. 

The termites are nevertheless similar to the ants in the 
care they lavish on their first brood. Among the lower 
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termites the larvae are groomed and provided with both 
stomodeal and proctodeal food, the latter containing the 
protozoans vital to their later capacity to feed inde- 
pendently on cellulose. During this time, according to 
Wilkinson (1962), the royal couple of Cryptotermes havi- 
landi exchange proctodeal material reciprocally, and they 
occasionally engage in autoproctodeal feeding as well. By 
the fourth instar the larvae have acquired protozoan 
faunas of their own and are self-sustaining. In Kalotermes 
flavicollis and Reticulitermes lucifugus independence is 
achieved in the third instar (Grassé and Noirot, 1958b; 
Buchli, 1950). The royal pair of higher termites nurse their 
first larvae in the same manner, except that the food 
supplied is exclusively stomodeal in origin. It is a curious 
fact that in both K. flavicollis and Cubitermes ugandensis, 
members of lower and higher termite families, respec- 
tively, the males do most of the nursing (Buchli, 1950; 
Williams, 1959a). Soon after the workers and nymphs of 
the first brood acquire their own digestive capability, they 
take over all of the nest construction, nursing, and for- 
aging. They also begin to feed the royal pair with salivary 
secretions of their own, and the queen and male function 
thereafter as little more than passive reproductive ma- 
chines. As the colony grows larger, the abdomen of the 
queen swells with the expansion of her ovarioles and fat 
bodies. In extreme cases the abdomen finally comes to 
resemble a small sausage, its abdominal tergites pulled 
far away from each other by the stretching of the white, 


balloon-like, intersegmental membranes, and the thorax 


and head are perched on one end like some accessory 
appendage. The queens of Macrotermes develop abdo- 
mens with capacities of as much as ten milliliters, making 
them the largest of all individual social insects. Such 
physogastric queens, each the mother of all the million 
or more neuter termites around her, are confined to a 
special royal cell constructed near the center of the fungus 
comb. Surprisingly, these individuals are still able to move 
very slowly on their own power by a combination of leg 
movement and waves of peristaltic contraction of the 
abdomen. 

In the case of the lower termites, that is, the Masto- 
termitidae, Kalotermitidae, Hodotermitidae, and Rhino- 
termitidae, labor is divided among nymphs and pseuder- 
gates, both of which are superficially worker-like forms. 
Among the higher termites, comprising the family Ter- 
mitidae, work is performed solely by a true worker caste, 
and the nymphs and other immature forms are nonfunc- 
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tional. Studies of the division of labor have so far been 
unaccountably sparse and fragmentary, and only a few 
worthwhile generalizations can be made now. In most 
termite species there appears to be little or no division 
of labor based on the size of workers. An exception is 
provided by certain genera of the phylogenetically ad- 
vanced Macrotermitinae, in which all of the large workers 
are males. Among termitid species that regularly forage 
in groups outside the nest, such as Macrotermes ivorensis, 
M. mülleri, and Odontotermes magdalenae, the columns 
are formed almost entirely of the large male workers. The 
smaller, female workers confine themselves to work 
within the nest. Existing records, compiled chiefly by 
Grassé and Noirot (1951a) and Noirot (1955, 1969b), in- 
dicate that such patterns are highly diversified within the 
Termitidae. Male workers are larger than female workers 
in the Macrotermitinae and in the nasutitermitine genus 
Syntermes, but smaller in the amitermitine Microcero- 
termes parvus and nasutitermitine genera Nasutitermes and 
Trinervitermes, and about equal in size in Amitermes 
evuncifer and the Termitinae. The small workers of 
Macrotermes bellicosus participate in nest construction, 
but this is not the case in Odontotermes magdalenae. Ac- 
cording to Noirot, a clear division of labor between large 
and small workers is missing in macrotermitine species 
that confine their foraging to subterranean passages. But 
the evidence still seems much too incomplete to accept 
even such a rough generalization as this. 

Studies on the temporal division of labor in termite 
colonies, as compared with caste polyethism, have scarcely 
begun. It was not until the recent study by Pasteels (1965) 
on Nasutitermes lujae that temporal patterns of behavior 
were clearly demonstrated in the termites. N. lujae 
workers in stage I, both the small males and their some- 
what larger sisters, do not join older nestmates in laying 
odor trails or in conducting exploratory foraging trips. 
Their sternal glands (the source of the trail pheromone 
in termites generally) are underdeveloped. However, their 
salivary glands are better developed than those of older 
workers. Since the salivary glands have been identified in 
other species as the probable source of larval food, 
Pasteels postulated that stage I workers are specialized as 
nurses. If this guess proves true, the basic pattern of 
temporal division of labor in the Nasutitermes will have 
been shown to be the same as that adopted by the great 
majority of the social Hymenoptera. A roughly similar 
pattern has been described in the primitive termite 
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Zootermopsis nevadensis by Howse (1968). Most of the 
excavation and nest building is carried out by the nymphs 
and the older larvae. As they progress in development, 
the larvae spend less and less of their time in food ex- 
change. The colony members do not forage outside the 
nest, so that further comparisons with Nasutitermes cannot 
be made. 

It is a general characteristic of termite caste systems that 
the worker caste is morphologically uniform but behav- 
iorally very diverse when different species are compared; 
the soldier caste is morphologically diverse and behav- 
iorally uniform. The workers construct the nests that vary 
so drastically among the termite species, and they are also 
responsible for the greatest part of the phyletic diversity 
in food habits, foraging styles, and other behavioral prop- 
erties of the colony. The soldiers, on the other hand, are 
wholly specialized for the single function of defense. This 
is true all the way from the very primitive Mastotermitidae 
to the phylogenetically most advanced elements among 
the Termitidae. It has often been stressed by Emerson and 
others that the soldier was the first distinct neuter physical 
caste to evolve in termite evolution, antedating the “true” 
worker caste of the Termitidae by what appears to have 
been a very long stretch of time. Within the limits of their 
strictly defined role, however, the soldiers vary enormously 
in their morphology and in the particular defensive tech- 
niques they employ. In most species the soldiers are 
“mandibulate” forms, characterized by large, heavily 
sclerotized heads, powerful adductor muscles, and sharp, 
elongate mandibles that seem clearly designed for biting 
and cutting rather than for such nondefensive functions 
as digging or handling of the brood. The following de- 
scription of the behavior of Zootermopsis soldiers by 
Stuart (1969) is typical for many mandibulate species. “In 
small colonies they are normally present near the repro- 
ductives and quite often assume a characteristic position 
of ‘rest.’ At other times (for example, periods of flight 
activity) they can be found in numbers at the periphery 
of the log they inhabit. When confronted with an intruder 
the soldier points its head in the direction of the intruder 
(presumably by a combination of kinesthetic and chemical 
sense) and the mandibles open. The animal then closes 
its mandibles quickly at the same time moving its body, 
but not its legs, forward then backward in the horizontal 
plane. It is this action which can disembowel another ter- 
mite. This response can also occur as a low intensity 
reaction when the mandibles partly open but the lunge 
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does not take place and the mandibles then close slowly.” 
There seems to be little more than this to the repertory 
of the Zootermopsis soldier insofar as its contributions to 
the colony are concerned. Even the role it plays in defense 
is specialized. Stuart points out that it is relatively in- 
effectual against insects smaller than itself. When ant 
workers about three millimeters in length are introduced 
into Zootermopsis nests, they either manage to escape 
quickly or else get trapped in some cul-de-sac in the nest 
interior. In the latter case they are usually then eliminated 
by the termite nymphs, who wall them off with deposits 
of fecal cement and pellets. 

The specialization of defensive function directed at 
larger animals has been carried still further in some of 
the Termitidae (Deligne, 1965). In Termes, Acanthotermes, 
Macrotermes, and Syntermes (see Figure 10-1), the soldier 
mandibles are shaped like scimitars, and their points are 
as sharp as needles. When snapped together, they can 
plunge deeply into the flesh. I learned this to my sorrow 
once while examining Syntermes colonies in Surinam. A 
soldier snapped its mandibles through a fleshy fold of one 
of my thumbs, rather like passing needles through a piece 
of cloth, and then folded them tightly in place. Its death 
grip was released only when the head was carefully sev- 
ered and each mandible separately extracted. 

The soldiers of the kalotermitid genus Cryptotermes 
possess cyclindrical heads that serve as living plugs for 
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FIGURE 10-1. Heads of soldiers from three termite species 
specialized for different defensive techniques: (4) Acantho- 
termes acanthothorax, a large “mandibulate” soldier; (B) Armi- 
termes parvidens, a “nasute” soldier still possessing defensive 
mandibles; (C) Pericapritermes urgens, a soldier with snapping 
mandibles (redrawn from Emerson and Banks, 1957; Noirot, 
1969b). 
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the galleries of the nests. Their mandibles are short and 
not particularly suited for defense. The head capsule, on 
the other hand, is thick walled, heavily pitted, and trun- 
cate in front, so that it forms a barrier in the narrow 
galleries of the nest which any invading arthropod finds 
very difficult to push around. This “phragmosis” of the 
Cryptotermes soldiers (to use Wheeler’s apt term) is closely 
paralleled in structure and function to that developed by 
certain ant species in the genus Camponotus and tribe 
Cephalotini. 

Even more bizarre are the “snapping” soldiers of 
Capritermes, Neocapritermes, and Pericapritermes (Kaiser, 
1954; Deligne, 1965). As illustrated in Figure 10-1, the 
mandibles are asymmetrical and so arranged that their 
flat inner surfaces press against one another as the adduc- 
tor muscles contract. When the muscles pull strongly 
enough, the mandibles slip past one another with a con- 
vulsive snap, in the same way that we snap our fingers 
by pulling the middle finger past the thumb with just 
enough pressure to make it slide off with sudden force. 
If the mandibles strike a hard surface, the force is enough 
to throw the soldier backward through the air. If they 
strike another insect, which seems to be the primary pur- 
pose of the adaptation, a stunning blow is delivered. Even 
vertebrates receive a painful flick. The mandibles of Peri- 
capritermes in particular are modified in such a way that 
the left mandible alone strikes out, so that the target can 
be hit only if it is located on the right side of the soldier’s 
head. 

Finally, the premier combat specialists are the soldiers 
that employ chemical defense. The mandibulate soldiers 
of the very primitive Australian termite Mastotermes 
darwiniensis produce almost pure p-benzoquinone from 
glands that open into the buccal cavity (Moore, 1968). 
When a soldier bites an adversary, the quinone is mixed 
with amino acids and protein in the saliva, soon producing 
a dark, rubber-like material that entangles the victim. 
Excess quinone probably acts as an irritant. The man- 
dibulate soldiers of some of the Termitidae have inde- 
pendently modified their salivary glands to the same end. 
When Protermes soldiers attack, they emit a drop of pure 
white saliva which spreads between the opened mandibles. 
When they bite, the liquid spreads over the opponent. The 
large soldiers of Macrotermes release a brown, corrosive 
salivary liquid, while those of Odontotermes produce a 
substance that is either creamy in color or hyaline. None 
of these secretions have been chemically identified as yet, 
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but it is commonly stated that they are all either toxic 
or else undergo coagulation in the air, which renders them 
glue-like. In general, the salivary glands of the soldiers 
are better developed than those of their worker nestmates, 
and they sometimes reach a huge size in proportion to 
the remainder of the body. The salivary reservoirs of 
Odontotermes magdalenae swell out posteriorly to fill most 
of the anterior segments of the abdomen. Those of Pseuda- 
canthotermes spiniger fill nine-tenths of the abdomen. The 
soldiers of Globitermes sulphureus are quite literally walk- 
ing chemical bombs. Their reservoirs fill the anterior half 
of the abdomen. When attacking, they eject a large 
amount of yellow liquid through their mouths, which 
congeals in the air and often fatally entangles both the 
termites and their victims. The spray is evidently powered 
by contractions of the abdominal wall. Occasionally these 
contractions become so violent that the wall bursts, shed- 
ding defensive fluid in all directions. 

In certain Rhinotermitidae and other Termitidae it is 
the frontal gland, or cephalic gland as this organ is often 
called, that has been evolutionarily modified in the soldier 
caste for defensive purposes. The organ opens through a 
small circular or slit-shaped orifice near the center of the 
head, called the frontal pore or fontanelle. Tentorial- 
fontanellar muscles, which are elements peculiar to the 
termites, attach to the anterior portion of the gland inside 
the head capsule. The frontal gland, like the salivary 
gland, is greatly enlarged in those soldiers that rely on 
it for defense. In the soldiers of the genus Rhinotermes, 
for example, it occupies most of the abdominal cavity and 
forces the bulk of the digestive apparatus to the rear. 
Soldiers of the rhinotermitid genus Coptotermes have been 
observed to spray a white liquid through the frontal pore; 
it quickly thickens to a glue-like consistency and entangles 
both the termite and its adversary. According to Moore 
(1968, 1969), this material consists of a suspension of lipid 
material in an aqueous solution of mucopolysaccharide. 
The lipid fraction “has virtually the same composition as 
the cuticular lipids of the species, and its purpose appears 
to be to lend a more resilient texture to the dried latex, 
which forms a tenacious coating on any adversary coming 
into contact with it.” The mixture appears to be nontoxic 
to arthropods. In a wholly independent evolutionary de- 
velopment, the members of the termitid subfamily 
Nasutitermitinae have carried chemical defense to its 
extreme. In the advanced species the frontal gland has 
not only been enlarged but the fontanellar region of the 
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head has been drawn out into a conical organ which 
roughly resembles a great nose on the front of the soldier’s 
head—hence the expressions “nasus” to describe the organ 
and “nasute soldier” to describe the caste (Figure 10-2). 
The most primitive nasutitermitine genera, namely Syn- 
termes, Cornitermes, Procornitermes, Paracornitermes, and 
Labiotermes, have typically mandibulate soldiers. Certain 
phylogenetically intermediate genera, such as Rhyncho- 
termes and Armitermes, are characterized by soldiers that 
possess both large hooked mandibles and nasute head 
capsules. These individuals are therefore “double threats” 
in their defensive roles. According to Sands (1957), the 
nasus has evolved twice through such an intermediate 
step. The mandibles have been subsequently reduced in 
size within several independent phyletic lines. The ex- 
treme form of the nasute soldier, in which the mandibles 
have become small, nonfunctionable lobes, originated 
independently in at least nine instances within Convexi- 
termes, Eutermellus, Mimeutermes, Nasutitermes, Obtusi- 
termes, Subulitermes, Trinervitermes, and Tumulitermes. 
This remarkable flurry of convergent evolution, together 
with the outstanding diversity and abundance of the 
higher Nasutitermitinae in the tropics, is evidence that 
the nasute technique of chemical defense is highly suc- 
cessful. With the aid of their fontanellar “gun,” fired by 
a contraction of powerful mandibular muscles, nasute 
soldiers are able to eject the frontal gland material over 
a distance of many centimeters. Their aim is quite accurate 
in spite of the fact that they are wholly blind. The nature 
of their orientation device has yet to be studied although, 
by process of elimination, it seems almost certainly to be 
olfactory or auditory in nature. After firing the soldier 
wipes its nasus on the ground and retreats into the nest, 
apparently lacking enough material to make a rapid series 
of shots. Because nasute soldiers are able to strike and 
disable an adversary at a considerable distance, they 
seldom become fatally entangled in their own secretions. 
They therefore have an advantage over the soldiers of 
many other termitid species who are forced to apply 
mandibular gland secretions at short range. According to 
Ernst (1959), the frontal gland secretion of Nasutitermes 
is nontoxic and functions solely as a mechanical entrap- 
ment device. Moore (1964a, 1969), who has studied the 
chemistry of the Australian species, reports that the defen- 
sive secretion consists primarily or wholly of terpenoids. 
The volatile fraction contains a-pinene as the principal 
component and B-pinene, limonene, and other mono- 
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cyclic isomers as minor components. The “resinous” frac- 
tion consists of a number of closely related polvacetoxy 
diterpenoids, which become increasingly viscous and 
sticky when exposed to the air. As the volatile components 
evaporate. they also serve as alarm substances. so that 
when one soldier fires at a given target others are likelv 
to follow close suit. 

Paulette Bodot (1969) has recently discovered that the 
production of presoldiers in nests of Cubitermes severus 
reaches a maximum in April: the proportion of mature 
soldiers consequently peaks in May and June when 
the nuptial flights are held. It is tempting to attribute a 
causal relation to these two events. Termite colonies are 
more vulnerable to attacks from predators during the brief 
period when they dig exit holes to release the repro- 
ductives, and at this time the soldiers typically stand guard 
in the holes and on the ground outside. Noirot (1969b) 
states that soldier production is also maximal just prior 
to the nuptial flights in Cephalotermes rectangularis. We 
need to learn if the same correlation holds in other termite 
species. A search should also be made for independent 
evidence to test the more general hypothesis that on cer- 
tain occasions termite colonies do alter the proportions 
of their neuter physical castes to meet urgent contingencies 
in the environment. 


Caste Determination in the Lower Termites 


The modern study of termite castes began when Battista 
Grassi (in Grassi and Andrea Sandias. 1893-1894) made 
the following elementary but far-reaching discovery con- 
cerning Kalotermes flavicollis: “If from three to twenty 
Calotermes of different ages are placed in a glass tube 
three to eight centimeters long, closed with a cork and 
kept warm—for example, in the waistcoat pocket. except 
in the summertime—they continue to live and constitute 
a family, or better, an independent colony: if orphaned. 
they rear a fresh king and queen, or if lacking soldiers, 
they rear soldiers, and so on. In short, after a certain time 
the tube will contain a complete little colony. if this had 
not been the case from the beginning.” In the course of 
their subsequent experiments on this primitive European 
species, Grassi and Sandias (1893-1894, 1896) found that 
colonies deprived of primary reproductives for no more 
than 24 hours produced supplementary reproductives 
from four to seven days later. Supplementary forms never 
appeared in the laboratory colonies if the original royal 
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FIGURE 10-2. Nasute soldiers of Rhynchotermes perarmatus stand guard along the flank of a foraging column of workers in a Pana- 
manian rain forest. This particular species still retains well-developed mandibles that are used in defense in conjunction with the 
chemical sprays (photograph courtesy of Thomas Eisner). 
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pair had been continuously present. Thus was born the 
“extrinsic school” of theory concerning caste determi- 
nation in terinites. Grassi and Sandias, as well as such 
later authorities as Escherich and Holmgren, reasoned that 
all termites have equal potential upon hatching and that 
their caste is fixed by environmental influences acting on 
them later. These extrinsic factors were believed to include 
differential nutrition or physiologically active exudates 
that originate from nestmates. The opposing, “intrinsic” 
explanation was first hypothesized by Imms (1919) as an 
outgrowth of his study of Archotermopsis wroughtoni. 
Stimulated by the then popular new science of genetics, 
he suggested that castes are Mendelian segregants. Caro- 
line B. Thompson (1919, 1922) presented what appeared 
to be supporting evidence of a genetic or at least blasto- 
genic origin of castes in Zootermopsis. She reported that 
there are two egg sizes and, possibly correlated with these 
two classes, two kinds of newly hatched larvae: those 
possessing small heads, large brains, and large gonads, 
destined to develop into reproductive forms; and those 
with proportionately larger heads but smaller brains and 
gonads, destined to become workers or soldiers. However, 
Heath (1927, 1928), who repeated Thompson’s work with 
much larger samples (17,000 individuals in several hun- 
dred colonies), failed to detect such a dichotomy, and 
nothing like it has been found in the many later studies 
of various lower termite species. 

With the evidence growing strong in favor of the hy- 
pothesis of equipotency of newly hatched larvae, Pickens 
suggested in 1932 that the queen produces a specific 
chemical substance that inhibits the development of fe- 
male nymphs into mature reproductives. This was the first 
really interesting hypothesis from the extrinsic school that 
could be tested by experiment. Shortly afterward Castle 
(1934) did bring forward some evidence favoring the 
existence of inhibitory “ectohormones,” or pheromones as 
they are now called. First he demonstrated that when 
individual nymphs of Zootermopsis are kept in isolation 
for 45 days or longer they develop into supplementary 
reproductives. Castle’s result neatly eliminated Holm- 
gren’s “Exsudattheorie,” the hypothesis that special feed- 
ing, which is stimulated by certain exudates or other 
unknown factors, sets nymphs on the road to development 
as reproductives. In a second experiment Castle fed iso- 
lated groups of nymphs on filter paper treated with ether 
and alcohol extracts of the whole bodies of supplementary 
reproductives. Compared with control groups, the experi- 
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mental nymphs developed more slowly toward the repro- 
ductive state. Light (1944a,b) repeated the experiment 
with larger samples and a greater range of extraction 
techniques, and he arrived at essentially the same con- 
clusion—that developmental rate can be retarded with 
extracts. Although the artificial inhibition falls short of the 
total repression imposed by living reproductives, the 
Zootermopsis data still offer strong evidence for the exist- 
ence of inhibitory pheromones (Light and Weesner, 1951; 
Miller, 1969). 

The stage was now set for the important research of 
Martin Liischer on caste determination in Kalotermes 
flavicollis. Building on the earlier work of Grassi and 
Sandias, Grassé (1949), and Grassé and Noirot (1946, 
1947), Lüscher first traced the developmental caste history 
of K. flavicollis. Then, in a series of experimental studies 
that have extended over a period of nearly twenty years 
(1952-1969), he has gradually elucidated the complex 
inhibition system that prevails in this primitive species. 
Much of the basic information is summarized in Figures 
10-3 and 10-4. Several of Lüscher’s experiments are espe- 
cially significant, and are also worth citing on the basis 
of their ingenuity alone. First, individuals were marked 
with paint spots and followed on a daily basis throughout 
their development. By this means Lüscher was able to 
show that the ability of a pseudergate to transform into 
a supplementary reproductive, providing the functional 
reproductive has been removed from the nest, is highest 
immediately following its molt to the pseudergate stage. 
Its degree of “competence” falls off exponentially there- 
after, as expressed by the following data: at 5 days into 
the pseudergate stadium, 80 percent can transform into 
reproductives at the next molt; at 20 days, 50 percent; 
at 60 days, 20 percent; and at 90 days, almost none at 
all. The exponential form of the decline led Liischer to 
hypothesize a random decay model since this is the sim- 
plest process which can generate such a curve. He inferred 
that the mechanism involved might be as simple as the 
deactivation of a single species of molecule at a constant 
rate. 

Lüscher located the source and mode of transmission 
of the inhibitory pheromones by the following procedures. 
He divided the colony by means of a wire gauze barrier, 
leaving one portion of the colony with the functional 
reproductives and the other portion “orphaned,” upon 
which one or more pseudergates in the orphaned group 
transformed into supplementary reproductives. But these 


Chapter 10 


FIGURE 10-3. The development of castes in the dry-wood 
termite Kalotermes flavicollis. At the bottom of the drawing are 
shown the eggs and the first instar nymphs that hatch from 
them. The nymphs molt five to seven times to reach the pseu- 
dergate stage, represented by the termite in the middle of the 
drawing. At this point the termite can molt repeatedly without 
further growth or differentiation, but at any molt it can also 
transform either into a supplementary reproductive (to the 
left side of the drawing) or, through a presoldier instar, into 
a soldier (right side of drawing). From the pseudergate stage 
the termite can also change, by way of an intermediate stage 
with external wing pads, into a primary reproductive (at the 
top of the drawing). Supplementary reproductives and 
soldiers can also originate from this intermediate stage (from 
Liischer, 1953). 
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FIGURE 10-4. The known pathways of pheromone action in 
the control of reproductive caste formation in the termite Kalo- 
termes flavicollis. In the top row the pair of “crowned” figures 
represents the reproductives: the functional male (king) to the 
left and the functional female (queen) to the right. The remain- 
ing figures all represent pseudergates. The king and queen pro- 
duce substances (labeled | and 2, respectively) that inhibit 
transformation of pseudergates into their own royal castes. 
These inhibitory pheromones are passed directly from the re- 
productives to the pseudergates and are also circulated indi- 
rectly through the digestive tracts of the pseudergates. Another 
male substance (pheromone 3) stimulates the female pseuder- 
gates to change into the reproductive caste, but the reverse rela- 
tion does not hold. When supernumerary royal males are pres- 
ent, they recognize each other (through pheromone 4) and 
fight; similarly, supernumerary royal females recognize each 
other (through pheromone 5) and fight. Finally, royal males 
stimulate production of pheromone 2 in royal females, and 
royal femaies stimulate production of pheromone 1 in royal 
males; the nature of the stimuli labeled A and B is unknown 
(modified from Lüscher, 1961b). 
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individuals were soon attacked and eaten by their nest- 
mates. Lüscher then divided other colonies with double 
wire gauze barriers. When the supplementary repro- 
ductives appeared this time in the orphaned groups, they 
were not molested. The implication is clear: a single 
barrier prevents regurgitation and grooming between the 
two groups but not antennal contact and hence close- 
range olfaction. The double barrier prevents both. The 
inhibitory pheromones, the results seem to suggest, are 
exchanged by regurgitation or grooming or both. The 
single barrier therefore enables competent pseudergates 
to become supplementary reproductives, but their group- 
mates can still detect the presence of the original repro- 
ductives on the other side of the barrier, and they there- 
fore attack the “usurpers.” A double barrier, on the other 
hand, prevents detection as well, and the supplementary 
reproductives are allowed to live in peace. A fascinating 
aspect of the experiment is that if the single barrier were 
to be kept in place indefinitely, the orphaned group might 
gradually consume itself! The autocannibalism would be 
hastened if two or more reproductives of the same sex 
were produced because they fight among themselves. As 
soon as one is injured, pseudergates move in to kill and 
eat it (Ruppli and Lüscher, 1964). 

Lüscher also fastened reproductives in his wire fences 
in such a way that their front ends faced one group and 
their rear ends the second group. Inhibition continued in 
the groups exposed to the rear ends, but not in the other 
groups, from which Liischer concluded that the phero- 
mones are dispensed from the hind gut. In still another 
experiment, Liischer fixed pseudergates in the fences so 
that their heads faced the group containing the repro- 
ductives and their abdomens faced the orphaned group. 
Under these conditions the orphaned groups failed to 
produce supplementary reproductives, showing that in- 
hibitory pheromones can be transmitted through the 
intestines of the pseudergates. In fact this oral-anal tro- 
phallaxis is probably the principal means by which 
pheromones are transmitted through large colonies under 
natural conditions. 

None of the inhibitory or recognition pheromones have 
been chemically identified, so that the concluding chapter 
of the absorbing Kalotermes story cannot be written. Even 
so, Liischer and his co-workers have made some progress 
on the involvement of the endocrine system in caste 
differentiation. The general conceptual scheme by which 
this research has been oriented is easily grasped. We 
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assume that growth and development of termites is regu- 
lated by the same fundamental endocrine relations found 
in other insects, particularly the nonsocial cockroaches, 
which gave rise to the termites. Caste differentiation 
evolved as a diversification of developmental pathways. 
The caste determination of an individual termite is the 
shunting of its development along one pathway or another 
as the development reaches each crucial juncture. The 
caste pheromones, together with selective nutrition and 
whatever additional factors are programmed by a given 
species into its caste-determining system, serve as the 
token stimuli by which individual development is guided 
at the junctures. Since these stimuli are functions of the 
current caste composition of the colony, as well as of its 
overall physiological condition, they insure an apportion- 
ment of the developing individuals that is statistically 
appropriate to the colony’s current needs. But the endo- 
crine system is the machinery that receives and relays this 
information to the various organ systems. Therefore the 
physiology of caste determination is very much a problem 
within the domain of endocrinology. 

The essential facts provided by the work of Lüscher 
(1960, 1963, 1969) and Liischer and Springhetti (1960) can 
be summarized as follows: 

1. When ecdysone, the general molting and differen- 
tiation hormone of insects, is injected into second-stage 
nymphs, a whole series of intermediate types are pro- 
duced, ranging from primarily nymph-like forms to nearly 
fully adultoid reproductives. Thus ecdysone promotes 
transformation into the reproductive caste. 

2. It was already well known that the corpora allata of 
insects produce juvenile hormone. This substance usually 
has the effect of inhibiting differentiation into the next 
development stage, even though it permits growth to 
proceed and, providing the ecdysone titer is also suffi- 
ciently high, allows static molting to occur. When the 
corpora allata of pseudergates are implanted into other 
pseudergates, no caste transformation occurs. But when 
the corpora allata of primary or secondary reproductives 
are implanted, or a relatively large dose of synthetic juve- 
nile hormone is fed or injected, most of the pseudergates 
transform into presoldiers and later into soldiers. 

3. As shown in Figure 10-5, the volume of the corpora 
allata, which is assumed to be an index of their hormone 
production, varies drastically among castes and in single 
individuals through time in conjunction with the molting 
cycle. The reproductives have much larger corpora allata 
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FIGURE 10-5. The volume of the corpora allata of pseuder- 
gates between two pseudergate molts and that of replacement 
reproductives before and after their molt. Each point repre- 
sents the mean of the volume of the paired glands taken to- 
gether from three to six individuals (redrawn from Liischer, 
1963). 


than the pseudergates, whose corpora allata are smallest 
at the time of molting and gradually increase in size 
throughout the duration of the stadium. 

These tantalizing fragments of information make it 
seem very probable that a juvenile hormone inhibits 
transformation into the final reproductive (hence, adult) 
form. The conclusion is consistent with both the data from 
the Kalotermes experiments and evidence concerning the 
action of a juvenile hormone in insects generally. Thus 
large injections of ecdysone can overcome its effects in the 
second-stage nymphs, as expected. And, judging from the 
corpora allata volume alone, juvenile hormone is at its 
lowest ebb in pseudergates immediately following each 
molt, at the same time that the pseudergates are most 
competent to transform into reproductive forms. Although 
the results of the experiments on reproductives therefore 
tie together neatly, the inducement of soldier development 
by implantation of large corpora allata remains something 
of an enigma. Lüscher (1963) originally postulated the 
existence of a second corpora allata pheromone, in addi- 
tion to the juvenile hormone, to account for this special 
effect. However, it now appears that the juvenile hormone 
in large doses causes transformation into soldiers, while 
in lower doses it has either a juvenile or gonadotropic 
effect, depending on whether the individual is a pseuder- 
gate or reproductive form (Lüscher, 1969). It has thus 
become possible to account for all the known facts of caste 
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determination in Kalotermes by a single model involving 
the competing action of the two principal developmental 
hormones. Finally, it is generally assumed that the inhibi- 
tory pheromones act on the endocrine system via the brain 
and its neurosecretory cells. Until precise biochemical 
information is adduced, however, we can only guess at 
the nature of the coupling mechanisms that enable the 
two regulatory systems to work together. 

Miller (1969) has synthesized comparative information 
on the developmental histories of the better-known species 
of lower termites. A study of his schema in Figure 10-6 


FIGURE 10-6. The potential developmental pathways open 
to each newly hatched larva in four lower termite species: (A) 
alate or primary reproductive; (PS) presoldier; (RR) replace- 
ment or supplementary reproductive; (S) mature soldier. After 
emerging from the egg, the termite must proceed through nine 
instars to reach the primary reproductive stage. At any instar 
from the third or fourth on it can be diverted to the soldier or 
replacement reproductive pathways. The central chain line rep- 
resents the instars from which either forward or regressive 
molts are possible. The coarse screen covers the pseudergate pe- 
riod; the fine screen, the nymphal period. A small circle in 
the central Reticulitermes line marks the position of Buchli’s 
worker-like form (redrawn from Miller, 1969; based on data 
from Buchli, Castle, Grassé, Light, Lüscher, Miller, Noirot, and 
Weesner). 
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shows that across three families there exists a basic pat- 
tern, evidently the primitive one for the termites as a 
whole, comprised of the following features: in going from 
the egg to the final primary reproductive, the individual 
must pass through approximately nine instars; from the 
third or fourth instar onward, it is capable of either for- 
ward or regressive molts, depending on its momentary 
physiological state, and it is also capable at most points 
of being shunted to either the soldier or replacement 
reproductive pathways, again depending on its current 
physiological condition. The developing termite belonging 
to one of these lower families can be thought of abstractly 
as an object that is guided (by the physiological state of 
the colony) back and forth for most of the length of a 
central track. If it reaches the terminus, it halts. If it leaves 
and starts down a sidetrack, it must continue moving in 
that direction, as though caught on a ratchet, until it 
reaches the end. 

The four species differ in the exact positioning of the 
sidetracks and in the timing of the appearance of wing 
pads, hence, the stadia in which some individuals qualify 
technically as “nymphs” rather than as just larvae or 
pseudergates. Still more significant variation appears to 
exist in the extrinsic controls that guide the individual 
termites along these pathways. In particular, Reticuli- 
termes seems to differ from Kalotermes and Zootermopsis 
in the relative degree of reliance placed on nutrition and 
pheromones in the determination of the sexual forms. 


Buchli (1958), who has made an exceptionally careful 


study of caste in Reticulitermes lucifugus, was unable to find 
clear evidence for the existence of inhibitory pheromones, 
although he did not exclude the possibility of their oper- 
ating as a minor factor. He discovered that poor nutritive 
conditions in the colony inhibit the appearance of both 
supplementary reproductives and soldiers, and that, under 
optimal conditions, both castes are generated even when 
the primary reproductives are still present. 


Caste Determination in the Higher Termites 


The caste systems of the Termitidae differ from those 
of the lower termites in several major respects. In general, 
they display an increased degree of complexity and of 
developmental rigidity which together constitute a phylo- 
genetic advance beyond the condition of the lower ter- 
mites. We see this trend exemplified in the case of Ami- 
termes hastatus (= A. atlanticus), a species primitive by 
termitid standards but advanced with respect to the ter- 
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FIGURE 10-7. The development of the entire caste system of 
the primitive termitid Amitermes hastatus. After passing 
through the egg stage and the first two larval instars (top), each 
male and female enters one or the other of the five develop- 
mental lines indicated (modified from Skaife, 1954b). 


mites as a whole (Figure 10-7). Each individual, regardless 
of sex, passes through two larval instars during which it 
cannot be assigned to caste on the basis of external mor- 
phological criteria. At the succeeding molt it enters one 
or the other of five definitive caste forms: the worker, the 
soldier, and the three kinds of reproductives. According 
to Skaife (1954b), new primary reproductives are reared 
only in strong, flourishing colonies whose age is greater 
than ten years. Nymphoid (secondary) reproductives occur 
in about 20 percent of the nests, even in the presence of 
the original primary reproductives. They assist the workers 
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FIGURE 10-8. Development of the neuter castes of Ami- 
termes evuncifer (Termitidae: Amitermitinae). In this relatively 
primitive “higher” termite, soldiers are formed from both 
sexes, and the development of males and females is closely par- 
allel in both the soldier and worker castes: (L) larva; (PS) pre- 
soldier; (S) soldier; (W) worker. The larval and worker instars 
are numbered sequentially (redrawn from Noirot, 1969b). 


in foraging, subsist on the same coarse food, and serve 
as an instant reserve-reproductive caste capable of taking 
over from the primary reproductives. Ergatoid (tertiary) 
reproductives are rare in Amitermes hastatus, having been 
found in only 3 out of 150 nests dissected by Skaife. Their 
significance in relation to the other two reproductive castes 
is unknown. The Amitermitinae are considered primitive 
with reference to the remainder of the Termitidae princi- 
pally on morphological grounds, but the caste system of 
A. hastatus is also primitive in the following two respects: 
it has two larval instars instead of one, and there is no 
sexual dimorphism in the worker and soldier castes. 
The subsequent evolution of caste systems within the 
Termitidae has recently been reviewed by Noirot (1969a); 
to a large extent, our knowledge of the subject is based 
on his own earlier research (1954, 1955, 1956). The dia- 
grams in Figures 10-8 to 10-10 illustrate several of the key 
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phylogenetic steps. First, note that there is an increasing 
tendency to produce sexual dimorphism in both worker 
and soldier castes. In the nasutitermitine genus Syntermes 
and the Macrotermitinae the large definitive workers are 
males, and the small definitive workers are females; in 
the amitermitine Microcerotermes and in the higher 
Nasutitermitinae the reverse is true. An association with 
sex is even more pervasive in the soldier caste. The species 
of the relatively primitive genus Amitermes have about 
equal proportions of male and female soldiers, and this 
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FIGURE 10-9. Development of the neuter castes of a species 
of Trinervitermes (Termitidae: Nasutitermitinae). This species 
is typical of its subfamily in that only males become soldiers. 
Two lines of soldier development separate early, one leading to 
small soldiers (SS) through a small presoldier instar (SPS) and 
the other to large soldiers through a small worker instar (SW) 
and a large presoldier instar (LPS) in that order. The females 
produce a large worker line (LW), exclusively (redrawn from 
Noirot, 1969b). 
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is also the case in the nasutitermitine Leptomyxotermes 
doriae. But in the remainder of the Nasutitermitinae the 
soldiers are normally all males, while in the Macro- 
termitinae and Termitinae they are normally all females. 
A second strong evolutionary trend within the Termitidae 
as a whole is the increase in the morphological specializa- 
tion of the worker caste, which comes to monopolize the 
labor functions carried on in lower termites by the 
pseudergates and nymphs. This is accompanied by a de- 
crease in the number of larval molts leading to the worker 
caste, a trend that can be seen by comparing Amitermes 
(Figure 10-8) and Trinervitermes (Figure 10-9). A decrease 
in the number of instars contained within the functional 
worker caste has also occurred; this is illustrated by the 
contrast between the eight worker instars (one male, seven 
female) of Trinervitermes and the single worker instar of 
Acanthotermes (Figure 10-10). These trends are counter- 
vailing with reference to caste diversity and in one sense 
produce an ambiguous final result in evolution. On the one 
hand we see an increase in the number of castes through 
the appearance of sexual dimorphism coupled with the 
multiplication of soldier lines within single sexes. Opposite 
this is the trend toward homogenization of the worker 
caste. As a consequence, the highly advanced Acantho- 
termes acanthothorax has ended up with five distinct 
castes, exactly the same number as Amitermes enuncifer 
with its obviously much more primitive system. Never- 
theless, the Acanthotermes has achieved an important 
advance as a consequence of all of its developmental 
evolution—each of its castes is morphologically more 
specialized. In the absence of any other obvious explana- 
tion, therefore, it seems reasonable to conclude that effi- 
ciency has been enhanced during caste evolution in the 
termitids by means of caste specialization rather than 
through an increase in caste numbers. 

In all species of Termitidae so far studied, the segrega- 
tion of individuals into the neuter and imago lines be- 
comes morphologically visible following the first molt. 
According to Kaiser (1956), histological evidence of the 
separation exists even prior to the first molt. Caste deter- 
mination therefore must occur during the first instar at 
the latest. Unfortunately, the physiological basis of the 
determination has not yet been investigated. It is con- 
ceivable that the crucial event occurs as far back as during 
development of the embryo in the egg, or even beyond, 
by which is meant that in addition to the documented 
sexual factors there may be some degree of genetic bias 
influencing whether a given individual will join one caste 
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FIGURE 10-10. Development of the neuter castes in Acan- 
thotermes acanthothorax (Termitidae: Macrotermitinae). The 
caste system of this species is one of the most advanced in all 
the termites. The pathway leading to the large worker caste 
(LW) has been shortened to four instars, and three distinct sol- 
dier castes, all female, have been evolved: (LS) large soldier; 
(MS) medium soldier; (S.S) small soldier (redrawn from 
Noirot, 1969b). 


or another. The existence of inhibitory pheromones has 
been neither demonstrated nor disproven. In many species 
of Termitidae, the removal of the primary reproductives 
is usually followed by the appearance of replacement 
reproductives, but no evidence is yet available to demon- 
strate that the inhibition is pheromonal in nature. More- 
over, according to Noirot (1969b) colonies of at least one 
species, Cubitermes fungifaber, never develop replacement 
reproductives. The whole subject is in need of experi- 
mental investigation of the kind that has proven so suc- 
cessful in studies of the lower termites. Such research has 
been slow to start not because of the quality of the work 
devoted to it but because of the fact that the vast majority 
of species of Termitidae are limited to the tropics and 
form large, complex colonies that are relatively difficult 
to culture. 


11 The Elements of Behavior 


The mind makes the world in which it lives. This is not 
just a metaphor. Of the near infinitude of stimuli that 
impinge on the body moment by moment, the sense or- 
gans select only a minute fraction to relay to the central 
nervous system; these messages are transmitted by the 
afferent nerves and by the associative relays of the central 
nervous system, which codify the information by reissuing 
impulses according to rules built into the structure and 
arrangement of their respective neurons. Each organism 
therefore creates an Umwelt within the brain, a highly 
imperfect monitoring device by means of which it picks 
its way through the real world. 

It follows that a first step in understanding the behavior 
of a given species is a thorough examination of the sensory 
physiology of the species. It is also axiomatic that as 
complete a repertory of behavioral acts as possible should 
be cataloged—“the ethogram”—and the functions of the 
acts as adaptations to the natural environment analyzed. 
Few behavioral biologists ask any longer whether the 
responses are instinctive or learned, this having proved 
to be an inefficient classification. Instead, a series of ques- 
tions with a more operational basis are posed. For exam- 
ple, exactly how stereotyped is a given behavioral act? If 
it varies among individuals belonging to the same species, 
we next inquire how much of the variation is genetic. 
Under ideal conditions the genetic component of the 
variance can be precisely measured, with the fraction it 
constitutes being labeled the heritability. The remainder 
of the variance by definition is acquired by interaction 
with the environment, the effects of which are manifested 
as deviations in organogenesis, as physiological change in 
established organs, or as learning in the strict sense. Intel- 
ligence is variously measured as the diversity, precision, 
and persistence of the separate acts of learning, most 


particularly the ability to perform “rational operations,” 
that is, to generalize learned information by transferring 
it from one set of circumstances to another. Finally, each 
of these levels—sensory input, behavioral output, and 
genetic, physiological, and experiential constraints on the 
relation between the two—is the subject of a different 
major branch of behavioral biology. 

In line with this brief statement of the scope of behav- 
ioral analysis, the object of the present chapter is three- 
fold. First, to review our present knowledge of the sensory 
world of individual social insects. Second, to evaluate their 
mental capacities, particularly in comparison with those 
of the vertebrates and nonsocial insects, in a search for 
peculiarities that might relate to their social achievements. 
And, finally, to take up what I believe to be the most 
provocative challenge that the social insects offer to be- 
havioral biologists: the problem of accounting for the 
complex mass effects of social behavior as the product of 
the behaviors of the individual colony members. 


The Sensory Capacities of Social Insects 


The Honeybee. The best-studied of all insect species in 
the world is Apis mellifera, and this qualification applies 
with special strength to the subject of sensory physiology. 
Following the lead of von Frisch, whose contributions date 
from 1914 to the present time, two generations of ento- 
mologists have carefully measured the powers of discrim- 
ination of the honeybee in every known sensory modality. 
Their chief technique has been “Pavlovian,” meaning that 
training is employed according to the following set proce- 
dure. First the bees are allowed to feed at a sugar source 
while being exposed simultaneously to the stimulus to be 
studied. Next tests are conducted to see if the bees are 
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attracted by the stimulus in the absence of a reward. If 
they are found to have been successfully trained in this 
simplest possible conditioned response, they are then 
permitted to choose between the stimulus and a similar 
but unfamiliar stimulus to see if they can discriminate 
between the two. Finally, the unfamiliar stimulus is 
changed until the minimal difference between it and the 
conditioned stimulus detectable to the insect is deter- 
mined. The honeybee worker is an exceptionally favorable 
subject for such behavioral measurements because it can 
be induced to fly patiently back and forth between the 
nest and the experimental bait. The performances of 
numbers of individuals can therefore be repeatedly 
checked over short periods of time. The conditioned stim- 
ulus technique perfected by von Frisch and his associates 
has been strikingly successful in every sensory modality. 
However, it now appears to have been pushed to the limits 
of its power. An increasing number of younger researchers 
are turning to electrophysiological and biochemical tech- 
niques combined with electron microscopy in order to 
make new discoveries and refine old ones. 

The composite picture assembled by these behavioral 
and physiological studies can be roughly grasped by 
comparing the honeybee’s sensory capacities with those 
of man. The honeybee can see in almost all directions 
around its body simultaneously, but, compared with man, 
it is very myopic and receives fuzzy images, even of large, 
nearby objects. It is not aware of shapes as we appraise 
them, but it is very sensitive to broken patterns, the flick- 
ering of light, and sudden movement. It requires approxi- 
mately the same amount of light we need to see any image 
at all. It has color vision, but, instead of the familiar 
spectrum ranging from blue-violet to red, its sensitivity 
starts in the ultraviolet and ends in the yellow or the near 
red. Its ability to sense ultraviolet light allows it to see 
the sun through an overcast sky on some days when we 
are unable to accomplish this feat. Moreover, the colors 
of many flowers and butterfly wings look radically differ- 
ent to it because they bear ultraviolet markings invisible 
to us, and in a few cases red markings obvious to us but 
invisible to the bee. The bee can also evaluate the plane 
of polarization of sunlight, a quality totally alien to our 
own vision. The bee is virtually deaf to airborne sound 
but moderately sensitive to groundborne sound, which it 
detects through its feet. It has a sense of smell almost 
identical to ours. Its sense of taste is similar, but appears 
to be generally less sensitive and to have a coarser dis- 
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criminating power. The bee is very sensitive to touch all 
over its body, but it apparently has far less capacity for 
judging the texture of surfaces. It has a comparatively 
excellent sense of balance and can perform at least one 
feat beyond our capacity, namely. orientation to gravity 
at a constant angle while walking up and down a vertical 
surface. It also possesses at least a limited responsiveness 
to the earth’s magnetic field. 

Let us now review the evidence behind these generaliza- 
tions, starting with that on vision. The principal. paired 
eyes of the honeybee worker are compound, each consist- 
ing of approximately 6,300 separate visual units called 
ommatidia (Figure 11-1). The ommatidia are packed 
together somewhat like straws in a box. On the outside 
each terminates in a tiny. convex, transparent lens: all the 
lenses together form the glassy. ellipsoidal outer shell of 
the eye. Light is focused by each lens and its associated 
crystalline cone onto the rhabdom. the central sensitive 
element of the inner ommatidium that lies beneath it. The 
rhabdom itself is highly modified nervous tissue, com- 
prised of six or eight juxtaposed rhabdomeres, each of 
which in turn consists of the ending of a single monopolar 
neuron that leads back into the nearest optic lobe of 
the brain. Electron micrographs of the rhabdomeres 
(Fernändez-Morän, 1958; Goldsmith, 1962) show that 
each is packed with microvilli, finger-like invaginations 
of the cell membrane approximately 400A wide. The 
rhabdomeres appear to be fused into pairs so that each 
rhabdom actually consists of only four distinct morpho- 
logical units. Within each unit the microvilli are parallel 
to each other and aligned in such a way that the central 
ones pass radially out from the longitudinal axis of the 
thabdom. As a result the microvilli of each pair of 
thabdomeres are parallel to the microvilli of the pair 
opposite them and at right angles to the microvilli of the 
two adjacent pairs. Von Frisch (1967a), operating from 
the assumption that the microvilli contain the visual pig- 
ments, has compared the entire rhabdom to a four- 
branched polarizer, postulating that the arrangement of 
the microvilli alone is sufficient to account for the honey- 
bee’s observed ability to measure the plane of polarized 
light. However, the exact nature of the visual transducer 
is unknown, and the role of the microvilli can be no more 
than a matter of speculation. The biochemistry of insect 
photoreception is also in too early a stage of exploration 
to permit morphological inference. Goldsmith (1958) 
reported the existence of retinal (= retinene,) in the 
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FIGURE 11-1. The structure of the compound eye of the 
honeybee: (center) entire eye of a worker, from which an an- 
gular section has been removed to reveal the packing of the 
ommatidia and the way their neural elements lead inward to 
form the optic nerve; (left) entire rhabdom in longitudinal 
section; (right) lower part of the eye of a drone diagramed 
with a cross section of the middle parts of the eight nerve cells 
to show that two are smaller than the remaining six and that 
the central portions (the rhabdomeres) are arranged into a par- 
allelogram-shaped package of four units (based on Lindauer, 
1960a; Neese, 1968, from H. Autrum; Perrelet and Baumann, 
1969). 


honeybee eye, but its exact location has not been ascer- 
tained (Goldsmith and Fernandez, 1966). 

Light enters each compound eye as a sprinkling of 
beams transmitted separately by each of the 6,300 om- 
matidial lens and crystalline cones onto their respective 
rhabdoms. Contemporary opinion has it that each of these 
multiple images is not transmitted as such by the om- 
matidia. In spite of the seeming complexity of the micro- 
villi, nothing comparable to the hundreds of thousands 
of rods and cones of the vertebrate retina exists in the 
eight retinula cells of the ommatidial unit. Instead, each 
unit is thought to transmit information about one point 
of light—its intensity, its flicker pattern, its color, and its 
plane of polarization. Although 6,000 such points can 
make a picture of fair resolution, it would still be far short 
of that attained in human vision. The human eye and 
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brain can distinguish two points subtending an angle of 
approximately 0.01°. The honeybee, judged by its re- 
sponses in training experiments, can distinguish points 
that subtend an angle of approximately 1°. Lindauer 
(1957), while recording dances by worker bees on the tops 
of hives in Ceylon, observed that they became disoriented 
when the sun, their central reference point, was closer than 
2.5° to the zenith. These results are consistent with the 
“Müller theory” of insect vision (J. Müller, 1826), which 
holds that an image in the brain is based on some kind 
of mosaic assembled from the simple pinpoint messages 
of the ommatidia. The lens systems of honeybee omma- 
tidia, in fact, are directed in such a way as to form angles 
of from 1° to 4° with reference to an adjacent lens (Figure 
11-2). In terms of the more conventional measure of visual 
acuity, that is, the reciprocal of the minimal angle of visual 
resolution, the honeybee worker scores approximately 
0.02, which is low compared to that of man (2 to 2.5) but 
still much better than many other kinds of insects, includ- 
ing Drosophila (.002). 

By means of his training technique, von Frisch proved 
in 1914 that honeybee workers can see colors. Their vision, 
unlike that of man, reaches into the ultraviolet, but, in 
the opposite direction, is cut short in the orange (Figure 
11-3). When monochromatic lights are adjusted to equal 
intensity, the bee shows the following descending order 
of awareness: 5.6 (ultraviolet 360 mp), 1.5 (blue-violet 
440 mu), 1.0 (green 530 my), 0.8 (yellow 588 mu), 0.5 
(blue-green 490 my), 0.3 (orange 616 mu). More exactly, 
it is the “stimulus effect” (Reizwirksamkeit) that is meas- 
ured. This is the amount of intensity of a new color com- 
ponent that needs to be added to a mixture; the lower 
its value, according to the standard interpretation, the 
greater the bee’s awareness of the color. The spectral 
sensitivity curve (preference plotted as a function of 
wavelength) is thus bimodal and of approximately the 
same shape reported in other insects (Dethier, 1963; von 
Frisch, 1967a). Since the worker bee is essentially blind 
to reds of greater wavelength than 650 my but sensitive 
to ultraviolet, it should be able to distinguish certain other 
color combinations alien to us. Ultraviolet, for example, 
must be added to white to complete the mixture of all 
colors perceptible to the bee and, in this way, to create 
what the bee considers to be white, or what insect physi- 
ologists refer to as “bee white.” Also, in a manner analo- 
gous to human vision, a wholly new color is created for 
the bee when the colors from the two ends of the visible 
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FIGURE 11-2. Diagram of the variation in the angles formed 
by differences in orientation of adjacent pairs of ommatidia in 
different positions of the honeybee compound eye. This array 
represents an approximately vertical section of the entire eye. 
The angles are consistent with the visual acuity estimated from 
behavioral tests (from Dethier, 1953; based on Baumgartner, 
1928). 
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FIGURE 11-3. The colors of the spectrum: (above) seen 
through the human eye; (below) seen through the compound 
eye of the bee (from von Frisch, 1967a). 
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spectrum are mixed. In our case, purple is created when 
red and violet are combined. In the case of the bee, “bee 
purple” is created when its extreme colors, orange and 
ultraviolet, are mixed. Training experiments by Kühn 
(1927), Kuwabara (1957), and Daumer (1956, 1958) re- 
vealed that bees can easily distinguish four regions of the 
spectrum: near ultraviolet (300-400 mu), blue and violet 
(400-480 mu), blue-green (480-500 my), and yellow-green 
and orange (510-650 my). The insects also can discrim- 
inate between wavelengths within each of these bands, but 
with less precision. Daumer was further able to establish 
that for the trained bee any color can be matched by 
appropriate combinations of three monochromatic lights 
(ultraviolet 360 mu, blue-violet 440 mp, and yellow 
588 mu); from this he concluded that three kinds of 
corresponding receptors exist, each maximally (but not 
necessarily exclusively) sensitive to one of the given wave- 
lengths. This brilliant inference was subsequently con- 
firmed by Autrum and Vera von Zwehl (1964), who used 
electrophysiological recordings from individual receptor 
cells in ommatidia to demonstrate the existence of three 
types of cells whose response maxima correspond ap- 
proximately to the three primary colors of Daumer (Fig- 
ure 11-4). In addition, it was found that the ultraviolet 
receptors are concentrated on the top of the compound 
eye, where they are most likely to be stimulated under 
natural conditions. 
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FIGURE 11-4. Sensitivity curves for three different receptors 
in the compound eye of the drone honeybee. The ordinate rep- 
resents the magnitude of response in terms of percentage of the 
maximum response. The drone differs from the worker in lack- 
ing yellow receptors (redrawn from Autrum and von Zwehl, 
1964). 
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It was also von Frisch (1949) who discovered that 
honeybees can utilize the plane of vibration of polariza- 
tion in orientation. Other investigators have gone on to 
prove the existence of the same capacity in a wide variety 
of other insects, crustaceans, spiders, and mites, and even 
in squids and octopi. The original discovery was made in 
the following way. It had already been noted that workers 
of the domestic honeybee (Apis mellifera) engaged in 
waggle dances will continue dancing if the surface of the 
comb is tilted from the usual vertical position to a hori- 
zontal position, provided they are permitted to see the sun. 
In this case the bees use the sun as the reference point 
rather than as a straight-up direction indicated by their 
gravity receptors. If the sky is heavily overcast, their 
dances become disoriented. But von Frisch also found that 
if, somewhere in view, there is a blue patch of sky large 
enough to provide a visual angle of at least 10°-15°, the 
dances remain correctly oriented, even though the bees 
cannot see the sun directly. Subsequent experiments re- 
vealed that the bees somehow utilize information about 
the polarization pattern of the sky, which is linked with 
the position of the sun relative to the observer’s position 
(Figure 11-5). The bees learn this relationship while ori- 
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FIGURE 11-5. Perception of polarized light. The relation be- 
tween the sun and the plane of polarization is shown as it 
would seem if this property could be directly perceived. The 
earth is represented by a flat, shaded disk positioned at the cen- 
ter of a transparent globe representing the sky (from Ribbands, 
1953). 
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FIGURE 11-6. The honeybee worker, with its emphasis on 
degree of dissection rather than on geometric shape, can distin- 
guish any figure in the upper row from any one in the lower 
row and vice versa; it cannot, however, distinguish between fig- 
ures in the same row (from Hertz, 1930). 


enting on clear days, so that on partly cloudy days they 
are able to deduce the position of the sun from partial 
information of the polarization pattern seen through a 
small portion of clear but sunless sky. When they succeed 
in finding food and return to the hive to report it by means 
of the waggle dance, the dance is performed with reference 
to the deduced position of the sun. The follower bees 
orient by flying at the correct angle to the sun, the position 
of which they also deduce from the plane of polarization 
seen through a patch of blue sky. 

The honeybee worker’s sense of visual pattern is quite 
bizarre to our own way of thinking. Using the von Frisch 
training technique, Mathilde Hertz (1930, 1935) discov- 
ered that the degree of dissection of a figure, rather than 
its outline, is the quality perceived. For example, we easily 
perceive that each of the figures in the upper row of Figure 
11-6 is radically different from the others, but the bee 
cannot tell them apart. We also see the figures in the lower 
row as differing greatly, but these, too, the bee is unable 
to distinguish. The bee is, however, able to tell any one 
of the figures in the upper row from all of those in the 
lower row, and vice versa. Evidently what matters is the 
number of borders, rather than their alignment. Gertrud 
Zerrahn (1934) found that more precisely it is the length 
of the contours surrounding a given area that is distin- 
guished. In further experiments Hertz discovered that bees 
have a spontaneous preference for the most dissected 
figures while they are searching for food. At first this 
response was considered to be a fundamental attraction 
to complex patterns, but later experiments (Una Jacobs- 
Jessen, 1959) revealed that, once the bees have fed and 
are attempting to return home, they prefer the opposite 
stimulus, namely, the simplest possible figures. All of these 
experiments were performed on the horizontal surface of 
a table. More recently Wehner and Lindauer (1966) have 
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found that the bees also can distinguish the angle at which 
simple figures are tilted. 

This peculiar way of looking at the world makes some 
sense if we also consider how the bees behave in their 
natural environment. When flying low over the ground 
in search of flowers, they experience the passing of a radial 
cluster of petals as a burst of flickering over their om- 
matidial surfaces. The regularity and high frequency of 
the pattern will provide the needed information as readilv 
as the radial shape provides it to us. In support of this 
explanation, Wolf (1934) was able to prove that searching 
bees spontaneously prefer rapidly flickering lights to those 
flickering at low frequencies. The capacity to recognize 
flickering is highly advanced in honeybees, as it is in other 
insects with large compound eyes. Man can distinguish 
separate flashes of light up to a frequency of about 20 
per second; at higher flicker frequencies the light appears 
to fuse into one steady beam. But the honeybee has a 
much higher flicker fusion rate, up to about 265 flashes 
per second (Autrum and Stoecker. 1950). Even the bees’ 
temporary reversal to a preference for less complexity 
(= lower flickering rate) on its homeward journey seems 
easily explained. The object it seeks at close range under 
these circumstances is the nest entrance. which normally 
appears as a simple dark hole in a vertical surface. 

In addition to the two compound eyes, all honeybees 
possess three ocelli, which are small, simple eves located 
centrally on the posterior dorsal surface of the head. The 
function of ocelli in insects as a whole has always been 
a matter of conflicting evidence and opinion—most insects 
seem to be able to orient quite well without them—but 
recent experiments by Schricker (1965) indicate that the 
honeybee uses them to monitor light intensity. Worker 
bees whose ocelli had been blinded left the hive to collect 
food later in the morning and ceased flying earlier in the 
evening than unoperated workers. The light intensity 
required for the initiation and prolongation of flight in- 
creased as the number of ocelli blinded was increased. On 
the other hand, the flying activity of ocellus-blinded bees 
did not differ in any other perceptible way, and they 
danced normally on the comb surfaces after successful 
flights. These results suggest that the ocelli play a major 
role in the monitoring of light intensity but not in the 
formation of images. 

Honeybees have no ears. That is, they have no organs 
known to be specialized for the reception of airborne 
sound. They lack the tympana or hairs designed, as in 
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male mosquitoes and midges. for transmitting vibrations 
to Johnston's organ in the antenna. Bees are also deaf to 
airborne sound, or nearly so: they seem to be indifferent 
to loud noise. Attempts. such as those by Kröning (1925), 
to train them to respond to particular airborne sounds 
have failed. but they have proved very sensitive to sound 
carried through solids. The vibrations are picked up by 
the feet, transmitted by the lower part of the leg. and 
sensed by special mechanoreceptors called subgenual 
organs (Figure 11-7). The subgenual organs. so called 
because of their location in the proximal portion of the 
tibia just below the insect’s equivalent of the “knee.” is 
comprised of typical chordotonal sensilla—or scolopoid 
sensilla. or scolopidia as thev are often alternatively la- 
beled. The sense cell is a bipolar neuron, one terminus 
of which is a peg-like organ that penetrates an adjacent 
cell. The sense cells and associated cells stretch out to- 
gether like a taut sail in the body fluid of the legs. They 
respond preferentially to vibrations between 200 and 6.000 
cycles per second, with a maximum sensitivity in most 
insect species between 1.000 and 2.000 cveles per second 
(Figure 11-8). Without doubt this hearing capacity is 


FIGURE 11-7. A subgenual organ in the leg of the ant For- 
mica sanguinea. This structure, the principal receptor of ground- 
borne vibrations in ants and honeybees, is associated with a 
portion of the leg cuticle (ch) and hypodermis (Ay) and con- 
tains accessory cells (ac): cap cells (dc): enveloping cells (ec): 
subgenual nerve (ne): nucleus of a neurilemma cell (ni): 

sense cell, or scolopidium (sc), with its apical body. or scolops 
(s/), intruding into the adjacent cap cell (from Autrum. 1959: 
based on Schön, 1911). 
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FIGURE 11-8. Vibration thresholds at different frequencies 
for a few species of insects, including the honeybee (Apis), a 
bumblebee (Bombus), and a social wasp (Vespa) (modified 
from Autrum and Schneider, 1948; from Ribbands, 1953, after 
A. Wilska’s human data). 


functional. Honeybees react strongly to tapping, scraping, 
and other substratal sounds of just the kind that would 
be associated with invasion of the hive by a larger animal. 
Newly emerged queens communicate back and forth with 
“toots” and “quacks” that are perceived through the hive 
floors and walls (see page 278). Worker bees emit a 
characteristic sound during the straight run of the waggle 
dance that is almost certainly detected through the sub- 
stratum and may play a role in recruitment communi- 
cation. 

Gravity reception is vital to the honeybee worker not 
only for orientation during walking and flight and the 
maintenance of a normal standing posture, but also for 
the capacity to climb up and down vertical walls at a 
constant angle. The latter behavior, called “geomenotactic 
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orientation,” is utilized during the communicative waggle 
dances. While bees are dancing on the combs, a 
straight-up direction in the dance symbolically represents 
a flight toward the sun; 10° clockwise in the dance repre- 
sents a flight 10° to the right of the sun; 45° clockwise 
in the dance represents 45° to the right of the sun; straight 
down (180° from straight up) means directly away (180°) 
from the sun, and so on around the compass. (A fuller 
account will be given in Chapter 13). The bees are thus 
able to fix in their minds the position of a flower bed or 
some other desirable target with respect to the position 
of the sun and to translate this information to geomeno- 
tactic movement on the vertical comb surface. They are 
able, moreover, to accomplish the transposition with an 
error of less than 10 percent. Markl (1966a) has been able 
to train worker bees to run up and down on combs at 
the following angles measured clockwise from the vertical: 
0°30"; 60°, 8081908, 100420 450%and 1807154989 
Lindauer and Nedel discovered the gravity receptor or- 
gans of the worker honeybees. These did not prove to be 
complex statocysts responding to the movement of free 
particles or air bubbles, as one might have anticipated 
from previous research on arthropods. Instead they consist 
of six rather simple-looking clusters of external sensory 
bristles, one pair on the neck (or, more accurately, lobes 
of the episternum that protrude into the neck region) and 
two pairs on the petiole (Figure 11-9). Markl (1962) sub- 
sequently detected similar organs on the legs and anten- 
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FIGURE 11-9. Location of the hair plates in the honeybee 
worker, one pair on the episternal projections of the neck re- 
gion and two pairs around the petiole; other hair plates occur 
on the coxae and trochanters of the legs and on the antennae. 
These organs are used to detect gravity and possibly also to 
measure acceleration during flight (from Lindauer, 1961). 
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nae. As the bee shifts position, the head and abdomen 
swing on their articulations with the thorax, the segments 
of the antennae flex, and the body bends slightly on the 
upper leg articulations. These slight movements press the 
sensilla of the hair plates to one side or another, and the 
degree varies according to position. This causes the un- 
derlying neuron clusters to fire differentially. The com- 
posite information is then relayed directly to the two large 
thoracic ganglia and thence to the brain. Lindauer and 
Nedel (1959) and later Markl (1966b) were able to destroy 
the gravity sense by interfering with the bristles in various 
ways and by severing the afferent nerves leading to the 
thoracic ganglia. They also succeeded in breaking down 
the precision of gravity orientation in a stepwise fashion 
by carefully removing groups of bristles one by one. 
Although experimental proof is elusive, it is probable that 
the same receptors are used by the bees to measure accel- 
eration in the flying bee, in the fashion postulated by 
Mittelstaedt (1950) for similar bristle fields in the neck 
region of dragonflies. If this is true, they supplement the 
antennae in this function (Heran, 1959). 

A bristle of the honeybee gravity receptors represents 
but one form of sensillum trichodeum, or sensitive hair, 
which in turn is but one of a variety of classes of sensilla 
located on the surface of the bee’s body (Figures 11-10 
to 11-12). 

Many other sensilla trichodea, devoted to the reception 
of simple touch, occur over the entire body (Ribbands, 
1953; Thurm, 1964). It is difficult to touch the body sur- 
face of a bee with an object the size of a needle without 
bending at least one of these hairs and arousing the bee. 
The sensory hairs are especially thick on the mandibles 
and antennae. One antenna of a representative bee stud- 
ied by Brigitte Dostal (1958) contained a total of 8,408 
sensilla trichodea; the greatest number (1,113) were on 
the terminal segment, and the lowest numbers, on the first 
two flagellar segments (334 on the first, 548 on the second). 
The antenna also carried a total of 2,888 sensilla placodea, 
114 sensilla basiconica, and 236 sensilla ampullacea and 
sensilla coeloconica combined. The sensilla trichodea on 
the terminal antennal segments are used to sense surfaces 
and to aid in adjusting the thickness of the honeycomb 
cell walls and the degree of wall smoothness (Martin and 
Lindauer, 1966). While adding wax to a cell, the worker 
repeatedly pushes one side of the cell wall with its mandi- 
bles, setting up an aperiodic vibration. By detecting the 
movement against the mandibles, the bee is evidently able 
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to judge the elasticity and hence the thickness of the walls. 
As a result the walls have a consistent thickness of 73 y, 
with an error not exceeding 4 percent. Martin succeeded 
in training worker bees to distinguish several basically 
different artificial surface textures, including perforation, 


FIGURE 11-10. The types of sensilla found on the surface of 
the antenna of the worker honeybee. The sensilla are modifica- 
tions of the cuticular surface, which is shown here in black: 
(a-c) sensilla trichodea; (d) sensillum trichodeum used in olfac- 
tion; (e) sensillum basiconicum; (f) sensillum placodeum; (g) 
sensillum coeloconicum; (Ah) sensillum ampullaceum; (i) sensil- 
lum campaniformium. The unmodified parts of the sensillar 
walls are 10-15 y thick. One or more neurons lead away from 
each of these structures and are discharged more or less directly 
by the stimuli impinging on the surface (redrawn from Lacher, 
1964). 
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ribbing, and smoothness. In addition to the sensory hairs, 
the bee possesses an undetermined number of stretch 
receptors, in the form of campaniform sensilla (sensilla 
campaniformia) and internally located chordotonal sen- 
silla. These specialized organs provide additional infor- 
mation to the bee concerning its posture and the external 
pressures exerted against its body. 

The ability of masses of honeybees to finely regulate 
the nest temperature, by fanning their wings and regurgi- 
tating water droplets on hot days and clustering in swarms 
on cold days (Chapter 16), is proof that the individual 
worker bee possesses a well-developed temperature sense. 
Heran (1952) allowed single bees of differing age and 
physiological condition to move freely in a long, glass- 
covered box heated at one end in such a way as to provide 
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FIGURE 11-11. The left antenna of a worker honeybee, 
showing the twelve segments, from the scape (first member) 
and pedicel (second member) to the ten succeeding segments 
referred to collectively as the flagellum. The location of a few 
representative sensilla are shown: (P) plate organs (sensilla pla- 
codea), (G) pit organs (sensilla ampullacea and s. coeloconica); 
and (R) sensilla basiconica (from von Frisch, 1967a). 
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FIGURE 11-12. A map of the sensilla occupying half of the 
third flagellar segment. On this segment, as on most of the flag- 
ellar segments, there is a preponderance of sensilla trichodea 
(touch receptors) and sensilla placodea (smell organs). Also 
present are a few sensilla basiconica, possibly used in taste, and 
sensilla ampullacea and s. coeloconica, which perceive carbon 
dioxide, humidity, and temperature (modified from Dostal, 
1958). 


a temperature gradient down the length of the box. Young 
workers, up to seven days old, came to rest at 35-37.5°C, 
which is the temperature normally maintained around the 
brood combs by the colony. Older workers proved more 
variable in their choice, settling between 31.5° and 36.5°C. 
Bees confined at lower temperatures, in a simulation of 
cooling winter conditions, came to prefer lower tempera- 
tures when later given a choice in the gradient box. After 
two hours at 30°C, they chose 32.8°C; after five days at 
13.7°C, their preference dropped all the way to 27.8°C. 
By cooling the box slowly and observing the shift of the 
bees in response, Heran estimated that they can detect 
changes of as little as one-fourth of a degree. Finally, in 
the best von Frisch tradition, Heran proceeded to train 
bees to take sugar solution from dishes heated (or cooled) 
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to different temperatures. He found that they could dis- 
tinguish target dishes at 20°, 25°, 32°, and 36°C from 
control dishes only 2°C warmer or cooler. Individuals 
deprived of five or more of their terminal antennal seg- 
ments lose most of their sensitivity to temperature. Sub- 
sequently Lacher (1964), in the course of making 
tungsten-microelectrode recordings from single sensilla, 
discovered that the thermoreceptors are a small number 
of sensilla ampullacea and sensilla coeloconica located on 
the antennae. 

Training experiments by von Frisch (1919, 1921), Rib- 
bands (1953), Schwarz (1955), Fischer (1957), and Martin 
(1964, 1965) have established that the sense of smell of 
the honeybee worker is closely comparable to that of man. 
This is true in the sense that both species can detect 
approximately the same set of compounds in the gaseous 
phase. But even more significantly, both manifest about 
the same threshold concentrations, as illustrated in Table 
11-1. There are a few noteworthy exceptions. The odors 
of bee’s wax, of the Nasanov gland secretion, and of the 
queen substance (9-ketodecenoic acid), all of whose rec- 
ognition is vital to the bee, are perceived by the insect 


TABLE 11-1. Olfactory thresholds (minimum 
concentrations in molecules per cubic centimeter of air) 
of selected compounds. The factor in the last column 
indicates how much worse (—) or better (+) the acuity 
of the honeybee worker is compared with that of man 
(from Schwarz, 1955). 


Olfactory Olfactory 
threshold threshold Relative 
acuity 
Odorant Man Bee factor 
Propionic acid 4.2 x 1011 4.3 x 1011 1.02 — 
Butyric acid 7.07x7102 Hall Se 0 15.7— 
iso-Valeric acid ASE AIO 1.6 x 104 3.5— 
Caproic acid 2200) Se O Beh SE OES 1.1— 
Ethyl caproate hs) Se LO 0 3x NUS 2.9 — 
Ethyl caprylate 37108 5.4 x 1010 15— 
Ethyl nonanoate - 321021010 SAN 109 1.2— 
Ethyl decanoate 4.2 x 10° 5.6 x 10° 12— 
Ethyl hendecanoate 1.4 x 1010 1.8 x 1010 13 — 
Methyl anthranilate 2.6 x 1010 1.9 x 109 1336F 
Phenyl propyl alcohol 6.5 x 10° Beh, Se MOR 3.0+ 
Nerol SEO > Se) $< Oe 1.84 
a-lonone Bell Se UE LS) 3% CE 48.5 — 
Eugenol EuS y OE AAD S U 42.5 + 
Citral 4.0 x 1011 6.0 x 1010 6.6 + 
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at lower concentrations than by man. The bee is also 
sensitive to carbon dioxide and water vapor, which are 
“smelled” in a straightforward manner by sensilla ampul- 
lacea and sensilla coeloconica on the antenna (Lacher, 
1964, 1967). Other odors are sensed mostly or perhaps 
even exclusively by the sensilla placodea on the antennae. 
Certain of these pore plates are specialized for responding 
to the Nasanov gland secretion and others to the queen 
substance (Kaissling and Renner, 1968), but the majority 
can be activated by at least several substances. Thus the 
basic dichotomy of insect sensilla into “odor specialists” 
(for specific compounds, such as pheromones) and “odor 
generalists,” first proposed by Schneider (1965) and 
Boeckh, Kaissling, and Schneider (1965), appears to apply 
well to bees. Individual bees can learn odors more quickly 
and retain the memory longer than any other kind of 
stimulus, including visual (Opfinger, 1949). 

When a worker bee is presented with a diffusing at- 
tractant, it swings its body around to face the direction 
of the source and moves toward it. This form of response 
suggests that bees in some fashion measure the odor 
gradient and move along it. In a series of incisive experi- 
ments, Lindauer and Martin (1963) and Martin (1964) 
proved that the orientation is indeed true osmotropotaxis 
and that it is achieved by an estimation of differential 
stimulation of the two antennae. Bees were trained to walk 
up the lower arm of a Y-tube and, upon reaching the fork, 
to choose the upper arm out of which the appropriate odor 
emanated. When Martin crossed the antennae of a bee 
and glued them in place so that the left antenna projected 
to the right and the right to the left, the bee took the wrong 
turn. This indicates that the bee weighs information re- 
ceived from the two antennae concerning the relative 
concentration of the odorant on either side of the head. 
Confirmation was obtained by means of the following 
experiment. After a bee had been trained to approach a 
certain odor, she was narcotized with carbon dioxide and 
glass capillary tubes were slipped over her antennae and 
sealed tight at the base (Figure 11-13). Droplets containing 
mixtures of the odorant in liquid phase and paraffin oil 
were then inserted into the ends of the tubes, so that the 
odorant diffused down over the antennae at a constant 
rate. By varying the proportions of the liquid compound 
and the oil in the droplet, the desired concentration of 
odorant in the gaseous phase was obtained. The bee was 
then allowed to grasp a freely turning cork hemi- 
sphere, and the direction of her walking movements were 
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recorded. The results were conclusive: bees treated in this 
way attempted to turn toward the antennae receiving the 
stronger stimulation. Martin found that so long as rela- 
tively low initial concentrations are employed, bees can 
distinguish concentrations of the same substance differing 
by as little as 1:2.5. This power of resolution is enough 
to enable the bee to find its way around the surface of 
a flower, for example, by orienting to the odorous nectar 
guides alone. 

The sense of taste has been investigated intensively by 
von Frisch (1934) and certain aspects studied further by 
Wykes (1952) and Jamieson and Austin (1958). Although 
the absolute dependence of honeybee colonies on nectar 
in their diet would seem to make it logical for worker bees 
to be unusually sensitive to sugars, the opposite turns out 
to be true. The response threshold for sucrose solution, 
for instance, is about } to Y, molar, or ten times higher 
than for man. Many substances that taste sweet to us are 
neutral or even slightly repellent to bees; examples include 
such natural sugars as erythritol, quercitol, mannitol, 
sorbitol, a-methyl mannoside, trimethyl glucose, xylose, 
rhamnose, sorbose, cellobiose, and raffinose, as well as 
artificial sweeteners with very different chemical structures 
such as saccharin. Of 34 sugars and closely related sub- 
stances tested by von Frisch, only 7 were attractive to the 
bees. But herein lies an important point in comprehending 
honeybee biology: 5 of these substances (sucrose, glucose, 
fructose, melezitose, and trehalose) are known to be im- 
portant constituents of nectar or honeydew. The bees have 
evidently applied economy in the evolution of their pass- 
band width. They also display efficiency, or at least no 
marked inefficiency, in their relatively high response 
thresholds. This is because the nectar of flowers usually 
contains a very high concentration of sugars (20 to 70 
percent of saturation), which do not require much sensi- 
tivity in the insects that utilize them. 

Von Frisch found that bees are able to distinguish what 
our own taste sense regards as bitter, sour, salty, and sweet 
substances, although the insects are not particularly sen- 
sitive to any of them. The precise organs that mediate taste 
have not been identified, but they probably include the 
same kind of sensilla basiconica on the mandibles that 
have been implicated in flies, beetles, and lepidopterans. 
In addition, Minnich (1932) demonstrated that sugar 
receptors are present on the forelegs and antennae of 
worker bees. 

Most recently, and very surprisingly, bees have been 
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FIGURE 11-13. H. Martin’s technique for measuring osmo- 
tropotaxis in the honeybee worker. The purpose of the experi- 
ment is to determine the minimal differences in concentration 
of an attractive odorant around the two antennae that causes 
the bee to turn to the antenna with the higher concentration. 
Mixtures of the odorant in liquid phase and paraffin oil are 
placed as droplets (DPg) in the upper ends of capillary tubes 
(Gk) surrounding each antenna. The proportions of the two 
components are varied to obtain the desired concentration of 
the odorant. The bee is held in place by a piece of cardboard 
(Kp) thrust into an adhesive mass (Ks) and grasped by forceps 
(P). The bee then turns the rotating hemisphere of cork as it 
attempts to walk in one direction or another (from Martin, 
1964). 
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found to respond to the earth’s magnetic field. When 
successful foragers dance on the vertical comb surface, the 
direction of their straight run displays systematic errors 
(“Restmissweisung”) as follows: if the run is directed 
obliquely upward or obliquely downward, it tends to be 
deflected to the vertical; if it approaches within 30° of 
the horizontal, the run tends to be deflected toward this 
latter direction (von Frisch, 1967a). When Lindauer and 
Martin (1968) placed dancing bees in an artificial mag- 
netic field of about 1,000 y intensity and made appropriate 
compensations of 4 percent, the errors disappeared. And 
when they reversed the situation by amplifying the mag- 
netic field to 13 times and countercompensating, the errors 
increased above the normal level. Although this informa- 
tion is very suggestive, it is not yet known whether the 
bees utilize their magnetic sense in orientation. 

We now come to the amazing ability of honeybees to 
keep precise time. The phenomenon was first noticed by 
Auguste Forel (1910b) at his country house in Switzerland. 
Candied fruits regularly set outdoors at midmorning 
breakfast and afternoon tea were quickly discovered by 
worker bees. Once they had become accustomed to the 
daily routine, the bees showed up at the correct times each 
day whether or not fruit was present. They gave up only 
when their visits went unrewarded with candied fruit for 
several days in a row. Stimulated by Forel’s observation, 
von Frisch proceeded to train bees to visit feeding places 
under controlled conditions, and later investigators have 
studied the subject thoroughly in most of its behavioral 
aspects. Now we understand that it is highly adaptive for 
bees to remember at what time of day they have been 
rewarded because each species of plant opens its flowers 
only during certain hours of the day and visits at other 
times would be in vain. Von Frisch (1967a) has summa- 
rized the situation in the following way: 

If at an artificial feeding station one offers sugar water at a set 
time of day, within a day or two the visitors adjust themselves 
to the schedule. Thenceforth they come at the designated time, 
whereas before and after the hour of feeding even informational 
flights are almost entirely omitted. The foragers remain sitting 
at home, saving their strength and risking no unnecessary flights. 
The other situation too, which most often obtains in the actual 
production of nectar, is readily set up: at the feeding station 
there is sugar water from morning till night, but at certain hours 
in greater amounts or—in other experiments—at higher con- 
centrations during the rest of the day. The artificial flower has 
an ‘optimal time.’ The bees quickly note this. If the visits are 
recorded on a ‘day of observation,’ during which the feeding 
dish offers nothing from morning till night, lively coming and 
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going prevails at the optimal time. All members of the foraging 
group come repeatedly and search obstinately. During the other 
hours, when feeding was more meager or less sweet, searching 
is much less zealous and only part of the foragers appear (Wahl 
1933). That under natural conditions bees behave in the same 
way relative to flowers was shown by Kleber... 


As a rule such pauses in foraging activity are spent at home 
by the bees. But they may give up the recess and visit a second 
food-yielding plant whose optimal time falls in the hours when 
the first one is unproductive. Their time sense and their adapta- 
bility are competent for this task. The foragers can be trained 
to visit a feeding place two or three times a day and to remain 
home meanwhile. Even training to five different times of day 
has been successful (Beling 1929; Wahl 1932). But they also 
learn very rapidly to seek out one feeding station at certain 
hours in the morning and another feeding place during after- 
noon hours, when at the time fixed upon food is offered now 
here and then there (Wahl 1932; Lindauer 1957:2). The bees 
even learned to appear at four different feeding places at four 
different times of day. But this difficult task is no longer mas- 
tered perfectly by all (Finke 1958). 


Kleber was conducting experiments at an artificial bed of 
poppies, whose yield of pollen became exhausted every day 
between 9:30 and 10:00 a.m. Hence the foragers became trained 
to a morning time. One day the productive period was length- 
ened by offering at the end of the usual harvesting time poppy 
flowers bearing copious pollen that had been cut earlier and 
protected against visiting bees. With astonishment the observer 
noticed that individual bees, which kept on coming and carrying 
in the new harvest, were not mobilizing their group comrades 
but nevertheless recruited newcomers. It seemed as if the for- 
agers would not respond to dances outside of the regular train- 
ing time. Anyone who had seen often enough the arousing effect 
of the dances would hardly believe such a thing. And in fact 
a different, astounding solution of the riddle was found: bees 
trained to a definite time, once their good hours are past, with- 
draw to the margin or into the upper portion of the comb, or, 
in the observation hive—whose entrance opens on one side— 
very frequently to the opposite, quieter side of the comb... 
Thus they go away from the dance floor and seek out resting 
places where they may doze undisturbed and where they will 
not be reached by a comrade dancing at the wrong hour, there 
to remain until the accustomed harvesting time approaches 
again. But then—a charming performance when the bees are 
marked with colors—they wander slowly from all sides toward 
the dancing place, until they are assembled there in a dense 
throng and can be alerted in a moment by the first successful 
informant (Ilse Kôrner 1939; v. Frisch 1940). 


The chronometric powers of the bees become even more 
impressive when witnessed as part of the sun orientation 
mechanism. Highly stimulated bees occasionally become 
“marathon dancers”; they continue performing the waggle 
dance for hours at a time without attempting new flights 
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to the target in the interim. Under such conditions, the 
angle of the sun is shifting in the sky outside the hive 
(Lindauer, 1954a; von Frisch, 1967a). To take a concrete 
example, one bee was observed dancing inside a hive in 
a closed room from 7:05 until 10:46 a.M. in the course 
of a single morning. During this time the azimuth of the 
sun shifted 54.5° clockwise, while the bee’s direction of 
dancing shifted 53.5° in the opposite sense. Thus, without 
any Clue whatsoever except its memory of the movement 
of the sun and its own internal clock, the bee adjusted al- 
most perfectly to the sun’s movement and still performed 
straight runs that pointed symbolically to the target. 
Lindauer (1961) investigated the matter further by raising 
colonies in a cellar and allowing bees to observe the transit 
of the sun for varying periods during the day. Bees never 
allowed to see the sun were completely disoriented. Bees 
allowed to make about 60 collecting trips all on one day 
still could not use the sun as a compass, but this ability 
was eventually acquired after about 300 training flights 
in the course of three days. Finally, after a total of 500 
flights spaced over five days, the bees acquired knowledge 
of both sun-compass orientation and the path and rate 
of passage of the sun in the sky. The truly amazing thing 
about Lindauer’s results is that all of the training was 
conducted in the afternoon; yet the bees could also calcu- 
late the position of the sun in the morning and correct 
their dances accordingly. In other words, they were able 
to extrapolate the path of the sun all the way around the 
clock! Lindauer’s marathon dancers were even able to 
calculate the position of the sun at night, as it might have 
been seen if they could view it directly through the earth. 
This discovery led to an intriguing question: if bees were 
trained to go to a food plate at one place very late in the 
afternoon and to another food plate at a second place very 
early in the morning, to which food plate would the dances 
point at night? This experiment was performed by 
Lindauer (1957) with the following outcome. Two dances 
in the evening (8:36 and 9:31 P.M.) pointed to the after- 
noon site; and three dances in the early morning (3:54, 
4:11, 4:18 a.M.) to the morning site. Of seven dances 
occurring around midnight (11:10 p.M.-1:14 A.M.), five 
were incorrect or disoriented, one indicated the approxi- 
mate resultant of the directions of the two feeding places, 
and one indicated the morning site with a strong error. 
Thus the bees chose the target that was closer in time to 
the dance, but became confused during a 2-hour transi- 
tional period around midnight. 
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The temporal memory of the honeybee worker is ex- 
clusively circadian. That is, the bee can be readily trained 
to arouse itself at 24-hour intervals, but attempts to train 
it to fly at other intervals, for example, every 19 or 48 
hours, have always failed. Once entrained, the bee’s in- 
ternal clock keeps it informed of the arrival of the ap- 
pointed time each day for days or weeks on end. But this 
experience must be reinforced: if the bee makes one or 
two flights to the right place at the right time but goes 
unrewarded, it ceases making the attempt. Also, the 
memory can be erased under deep carbon dioxide narcosis 
(Medugorac and Lindauer, 1967). 

For the reader who wishes to explore more deeply into 
the subject of honeybee sensory physiology, the following 
reviews are recommended: Dethier (1963) and Markl and 
Lindauer (1965) on the general aspects of insect sensory 
physiology; Jander (1963) on the principles of orientation; 
von Frisch (1967a) on most aspects of honeybee sensory 
physiology and orientation; and Neese (1968), Chauvin 
(1968c), Markl (1968a), and Heran (1968) on various of 
the separate senses. The anatomy of the brain and re- 
mainder of the nervous system are treated by Hüsing 
(1968) and Chauvin (1968b). The neurophysiology of the 
honeybee is still a very lopsided subject. Although the 
behavior of individual receptor neurons has been studied 
with a high degree of sophistication, as, for example, in 
the work of Autrum, Lacher, and Thurm, extremely little 
has been attempted with the central nervous system. The 
meager information available, which has been well cov- 
ered by Franz Huber (1965) and Hoyle (1965), is consist- 
ent with the more extensive data on ants to be reviewed 
shortly. It is a curious fact that what we know of integra- 
tive neurophysiology and the control of motor patterns 
is based mostly on such insects as roaches, mantes, crick- 
ets, grasshoppers, and ants, and almost totally neglects 
Apis mellifera, which is otherwise the most thoroughly 
understood species of arthropod. 

Ants. Far less is known about the collective sensory 
physiology of the thousands of species of ants than about 
that of the single honeybee species Apis mellifera. No more 
than one-tenth as many articles have been published on 
the subject, and this difference truly reflects the disparity 
in information. Enough is known, nevertheless, to indicate 
that the various species of ants are generally similar to 
the honeybee in their Umwelten. Vision differs drastically 
among the species, from a total blindness in the workers 
of some subterranean species to an Apis-like acuity in 
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certain large-eyed, epigaeic forms. Hearing, smell, and the 
sense of gravity, including skills in geomenotactic orien- 
tation, are closely comparable. The three species of ants 
in which taste thresholds have been measured are more 
sensitive to sugars than Apis and, in fact, approach man 
in this respect. The possible existence of a magnetic sense, 
so recently demonstrated in honeybees, has not been 
investigated in ants. 

To examine the evidence behind these statements, let 
us begin again with vision. The number of ommatidia in 
the compound eye of the worker caste varies among ant 
species in a manner correlated with their life habit. Most 
phylogenetically advanced army ants, including the spe- 
cies of Anomma, Dorylus, Eciton, and Leptanilla, lack eyes 
altogether, and their optical lobes degenerate in the pupal 
stage (Werringloer, 1932). Other eyeless workers are found 
in certain subterranean genera such as Carebara, Erebo- 
myra, Liomyrmex, Paedalgus, and Wadeura. (The males 
of all these groups, who must leave the colonies at some 
time to conduct nuptial flights in the open air, have very 
large eyes.) The workers of most ant species have from 
a few tens to a few hundreds of ommatidia per compound 
eye; the number is roughly correlated with the amount 
of time spent foraging above ground. For example, the 
workers of species in the Formica rufa group, which forage 
almost exclusively above ground, have approximately 600 
ommatidia per eye. Although the angle of divergence 
between the optical axes of adjacent ommatidia is a rela- 
tively gross nine to ten degrees, these ants can distinguish 
black and white strips that present visual angles of as little 
as one-half a degree (Christiane Voss, 1967). Thus in 
visual acuity Formica rufa is equal or slightly superior to 
the honeybee but still decidedly inferior to man. A few 
arboreal tropical ants, including those belonging to the 
formicine genera Gesomyrmex, Gigantiops, Opisthopsis, 
and Santschiella, have much larger eyes with thousands 
of ommatidia each. My own experience with Gigantiops 
and Opisthopsis has impressed me with their keen vision 
and alertness, which makes them exceptionally difficult 
ants to catch in the field. No physiological studies have 
been made of the vision of these large-eyed species, and 
we can only speculate as to the level of their visual acuity. 

Nor has color vision in ants been investigated suffi- 
ciently to provide any satisfactory conclusion. Marak and 
Wolken (1965) derived an action spectrum of the fire ant 
Solenopsis saevissima by means of the following proce- 
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dure. Workers returning to the nest after finding a sugar 
solution or other food orient at a constant angle to the 
principal light source. In nature the light source is the sun 
(or at night possibly the moon). In the laboratory an 
artificial light can be placed to one side of the foraging 
platform. When the light is switched off and another one 
on the opposite side immediately switched on, the ant 
reverses its direction by 180°. An investigator, by turning 
to first one light and then the other, can march the ant 
back and forth like a robot, leaving no doubt that it is 
reacting to the light. In this fashion Marak and Wolken 
measured the threshold intensities of a series of mono- 
chromatic lights, the combined data on which are referred 
to as the action spectrum. They found that the ant has 
a spectral sensitivity similar to that of the honeybee, 
ranging from below 350 my in the near ultraviolet to 
650 my in the orange, with peak sensitivity at three points 
near 350, 505, and 620 mu respectively. But the mere 
ability to detect monochromatic lights at varying inten- 
sities does not necessarily imply that the fire ant can 
distinguish one from the other, or, in other words, that 
it has color vision. In order to establish this capability 
unequivocally, one needs training experiments in which 
the ant is given a choice between lights of different colors 
but equal intensities. Tsuneki (1953) trained workers of 
Leptothorax congruus and Camponotus herculeanus to 
orient to monochromatic lights while returning pupae to 
laboratory nests. He then required them to choose be- 
tween the training color and some other monochromatic 
light. Tsuneki found no evidence that his ants could select 
one color over another under these conditions. He did 


“concede, however, that his negative result might be due 


to technical reasons, such as the difficulty of orientation 
under bilateral stimulation and the heavy reliance placed 
by the ants on relative intensity. Therefore, the question 
of color vision in ants remains unanswered. 

Recent experiments by Christiane Voss (1967), paral- 
leling the honeybee studies of Wehner and Lindauer 
(1966), have revealed that the large-eyed members of the 
Formica rufa group distinguish shapes in essentially the 
same way as honeybees. Workers can be trained to select 
between figures on the basis of the degree of disruption, 
independent of the manner in which the figure is broken 
up. The ants also have a strong tendency to run sponta- 
neously toward certain visual patterns, especially toward 
white areas on black, black areas on white, and vertical 
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black-white borders. Furthermore, they prefer closed to 
open figures of the same configuration, regardless of the 
nature of the configuration. 

Sun-compass orientation in ants, and in animals gener- 
ally, was discovered by the ant taxonomist Felix Santschi 
in Tunisia in 1911. Santschi’s attention had been caught 
by the problem of how workers of desert ants manage to 
leave their nests, forage at a distance, and then find their 
way back home over the featureless desert sands, even 
when strong winds make odor trails impracticable. He 
found the answer by means of his now famous “mirror 
experiment.” When workers of Cataglyphis bicolor and 
Messor barbarus returning home with booty were shaded 
from the sun on one side and presented with the image 
of the sun by means of a mirror held on the opposite side, 
they reversed their direction 180° and headed confidently 
away from home. When the shade and mirror were re- 
moved, they again turned about by 180° and ran home- 
ward. In other words, it was apparent that the ants were 
reckoning the angle subtended by the sun and the nest 
and holding it constant as they returned home. Later von 
Buddenbrock (1917) established that this “light-compass 
orientation” occurs widely among insects, and, it has since 
been discovered, in many other invertebrate groups as 
well. For nocturnally foraging ants a moon-compass re- 
sponse is equally feasible, and has, in fact, been demon- 
strated in Monomorium by Santschi (1923) and Formica 
by Jander (1957). 

Since the sun moves through an arc of 15° every hour, 
what will happen if an ant is trapped on its way home 
and not permitted to see the sun for a substantial period 
of time? If it always keeps a constant angle to the sun 
regardless of the passage of time—what German investi- 
gators call winkeltreue orientation—then the error the 
trapped ant makes on being released again should equal 
the arc through which the sun has passed in the interim. 
Brun (1914) performed just such an experiment with 
workers of Lasius and found that they did behave as 
though complying with the winkeltreue rule. For example, 
one worker was confined in darkness from 4:00 to 5:30 
one afternoon, during which time the sun moved through 
an arc of 22.5°; when released, it set off in a direction 
that attempted to follow the original angle to the sun and 
consequently deviated from its original, true path by 
23.5°, approximately the amount the sun had traveled. 
This would seem to be a relatively poor way for an ant 
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to get around, especially if it spends hours at a time away 
from its nest, and Brun’s result never seemed to provide 
a full explanation of visual orientation. In 1957 Jander 
showed that experienced Formica rufa workers are really 
able to do much better. They duplicate the feat of the 
honeybee whereby they keep track of the sun’s movement 
and constantly adjust the angle of their return journeys. 
Newly eclosed rufa workers and those which have just 
emerged from overwintering must learn the sun’s move- 
ment; until they accomplish this, they orient to the sun 
in the winkeltreue manner. It is not known whether Brun’s 
Lasius were similarly naive, but at least his results are not 
inconsistent with the time-compensated orientation dem- 
onstrated in Formica by Jander. 

In his early experiments Santschi found that ants can 
continue to orient correctly if shaded from the sun, pro- 
vided they are allowed to view a patch of blue sky. This 
peculiar result strongly indicated that ants were able to 
utilize the pattern of polarized light to calculate the posi- 
tion of the sun, as von Frisch later proved in his experi- 
ments on honeybees. When appropriate equipment be- 
came available, Vowles (1950, 1954b) was able to demon- 
strate orientation to polarized light in the ant Myrmica 
ruginodis. Other investigators established its existence in 
Tetramorium, Tapinoma, Lasius, and Camponotus (Ger- 
traud Schifferer in von Frisch, 1950; Carthy, 1951a; 
Jander, 1957; Jacobs-Jessen, 1959). 

Hearing in ants is basically similar to that in honeybees, 
consisting almost entirely of the reception of groundborne 
vibrations evidently perceived by the subgenual organs of 
the legs (see Figure 11-7). Although response threshold 
curves have not been drawn for ants, the extreme sensi- 
tivity of these insects to groundborne sound has been 
noted by numerous observers (see Haskins and Enzmann, 
1938). A slight tap on the edge of an artificial nest con- 
taining ants is usually enough to send the colony into a 
state of alarm. Furthermore, Markl (1967, 1968b) proved 
experimentally that the stridulation of worker leaf-cutting 
ants (Atta cephalotes) is heard through the soil by nest- 
mates which respond to it as an underground alarm call. 

Ants have a gravity receptor system nearly identical to 
that of the honeybee (Markl, 1962). Its hair plates are 
located in the same positions and show about the same 
degree of sensitivity. Markl was able to train workers of 
Formica polyctena to walk up slopes of as little as 2° from 
the horizontal. He also succeeded in training them to 
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maintain a constant angle with reference to gravity while 
running up and down a vertical surface. Another feat of 
the honeybees duplicated by ant workers is the ability to 
substitute gravity for light signals in maintaining a con- 
stant angle. In order to test for the presence of this phe- 
nomenon, Vowles (1954a) first permitted workers of 
Lasius niger and Myrmica ruginodis to run over the surface 
of a horizontal board while keeping a constant angle to 
an artificial light. This proved easy to do because escaping 
ants tend to run in a straight line at an arbitrary angle 
to the light source. When Vowles then turned off the light 
and simultaneously tilted the board to a vertical position, 
the ants altered their direction to maintain the same 
angle—but this time with reference to gravity. Unlike 
honeybees, the ants made no distinction as to the left or 
right. For example, individuals that had originally 
oriented toward the light now tended to run straight up; 
those that had originally run 20° to the right of the light 
now ran about 20° to the right or to the left of the vertical 
direction, and so on. Large errors were common in the 
transposition, but the existence of a correlation was un- 
mistakable. Vowles also induced his ants to perform the 
reverse substitution, namely the light-compass response 
for an original gravity orientation. This capacity to inter- 
change such radically different sensory inputs has also 
been discovered in water striders and beetles, but differ- 
ences exist in the details of execution (Birukow, 1954). The 
dung beetle Geotrupes silvaticus, for instance, can trans- 
pose light-compass into gravity orientation, but, unlike 
‘bees and ants, it reads the light source as the downward 
direction on a vertical surface. The phenomenon in ants 
and beetles may not have an overt function; instead it 
may merely represent an outcome of the necessarily eco- 
nomical organization of the small insect brain when two 
sensory inputs have been connected with one steering 
device. In the honeybee, on the other hand, the substi- 
tution has acquired a wholly new and overt function— 
becoming the vital component in the waggle dance that 
permits information about the location of loci outside the 
hive to be communicated on the vertical combs inside the 
darkened hives. 

Ants have about as much sense of smell as bees and 
humans. This generalization is based on olfactory thresh- 
old measurements made on workers of the formicine 
species Acanthomyops claviger and Lasius alienus by 
Regnier and Wilson (1968, 1969). Employing the diffu- 
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sion-model technique (Wilson, Bossert, and Regnier, 
1969), we estimated the threshold concentrations of a wide 
variety of alkanes, aldehydes, alcohols, ketones, esters, and 
ethers required to elicit the beginnings of an alarm re- 
sponse in resting workers. Those with more than about 
seven carbon members (and molecular weights exceeding 
100), regardless of molecular structure, caused responses 
in concentrations somewhere in the range of 10° to 101? 
molecules per cm?. This range of magnitudes is similar 
to that obtained for the same classes of substances in 
experiments on honeybees and humans, but different 
techniques were used (see Table 11-1). As illustrated in 
| Figure 11-14, ants are progressively less sensitive to sub- 
stances of lower molecular weights within the same 


| homologous series, in accordance with a principle that has 
‚ already been established widely in other insect groups 


2 10". 
Lu] 
E 
= 
S n 
3 10 
8 
Q 
= 
= 15 
zo 
to 
< 
= 
> 14 
2 10 
oO 
2 
(©) 
= 13 
ao 
=] 
Q 
DE 
ty 
X 12 
Œ 0 
H- 
d 
5 lo" 
Q 
> 
<q 
m 
a o’ 


FIGURE 11-14. The minimal concentrations of various 
members of the alkane series, from pentane (C;H,,) to tridec- 
ane (C;3H8), that elicit the beginnings of an alarm response 
from workers of the ant Acanthomyops claviger. Each point 
represents a separate measurement. The resulting curve illus- 
trates the positive relation between molecular weight and olfac- 
tory efficiency that exists widely in the insects (from Regnier 
and Wilson, 1968). 
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(Dethier, 1953, 1963).* Ants, for example, are insensitive 
to the odor of formic acid, the organic acid of lowest 
molecular weight. However, there are striking exceptions 
to these rules. Fire ants (Solenopsis), and possibly other 
ants as well, can detect differences in CO, concentrations, 
an ability shared with bees but not with man (Wilson, 
1962a; Hangartner, 1969a). Also, our experiments with the 
trail substance of Solenopsis saevissima indicate that the 
threshold concentration must be extremely low. Although 
the chemical structure of the pheromone has not yet been 
identified (and its olfactory threshold is therefore un- 
obtainable) we have identified it as a single peak in gas 
chromatograms and made rough estimates of the amount 
present in various preparations. Each worker appears to 
carry less than 10-° g at any given moment. Also, less than 
10° g was recovered from an odor trail half a meter in 
length along which an entire colony migrated in the labo- 
ratory. We have concluded that the response threshold 
must be exceedingly low. A comparable result has been 
obtained in rough estimates of the olfactory efficiency of 
dodecatrienol, the trail substance of Reticulitermes flavipes 
recently identified by Matsumura et al. (1968). 

Our experiments utilizing the diffusion-model method 
show that ants of various species are able to detect and 
move up odor gradients (osmotropotaxis), apparently by 
lateral movements of both antennae. In following an odor 
trail the worker of Lasius fuliginosus walks through a 
cloud of pheromone vapor, continuing forward so long 
as it remains inside the space within which the molecular 
concentration is at or above the threshold value. Experi- 
ments by Hangartner (1967), designed along approxi- 
mately the lines of those by Martin on honeybees, have 
proved that fuliginosus workers keep to the active space 
by testing the odor gradient with both antennae simulta- | 
neously. Analyses of the olfactory sensilla of ants, or of | 
other antennal sensilla in these insects, have not been 
conducted. There is a rich field for investigation here, 
particularly in the comparison of different species of ants 
belonging to radically different phyletic groups and | 
adaptive types. For example, important differences might 
be found between large-eyed ants that hunt arboreally and 


*The relationship is.not necessarily always so simple. Boeckh (1967) 
found that an optimal middle range exists in the attractiveness of 
homologous fatty acids for migratory locusts, with both short-chain and 
long-chain molecules having lower olfactory efficiency. 
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TABLE 11-2. Threshold molar concentrations for 
sweet substances in the worker caste of three species of 
ants (from A. Schmidt, 1938). 


Lasius Myrmica Manica 

Substance niger rubra rubida 
Alcohols 

Erythritol 0 0 

Mannitol 0 l 0 

Sorbitol Ya Ye 0 

Dulcitol 0 0 0 
Glucoside 

a-Methyl glucoside % %o % 
Pentoses 

Arabinose 0 0 0 

Xylose = — 0 
Methylpentose 

Rhamnose 0 1 0 
Hexoses 

Glucose 8 Ko 2 

Fructose Yea Yo 2 

Galactose 0 1% 0 

Mannose 0 7 0 
Disaccharides 

Saccharose Yoo Yıso Yaoo-Yeoo 

Maltose Yoo Yoo oo 

Lactose 0 0 0 

Cellobiose 0 — 0 

Melibiose — 0 0 
Trisaccharides 

Melizitose Yoo Yoo Yea 

Raffinose Yoo V400 Yoo 


blind army ants that rely exclusively on odor trails and 
the sense of touch during their forays. 

The sense of taste, particularly for sweet substances, was 
the subject of a careful investigation by Anneliese Schmidt 
(1938). Her results, the essentials of which are summarized 
in Table 11-2, show that ant species vary somewhat in their 
sensitivity to sweet substances. As a group they share the 
honeybee’s inability to detect some compounds which 
taste sweet to us, but they are much more sensitive to the 
effective compounds than bees, and in this latter respect 
they equal or surpass man. Schmidt was also able to prove 
that ants, like bees, can sense substances by contact 
chemoreception with the antennae. 

Ant workers kept for a short time in dry chambers are 
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attracted to drops of water or moist strips of filter paper 
placed near them. Many investigators, for example Soulié 
(1961), have noticed that the search for moisture under 
such conditions overrides even the ants’ natural avoidance 
of light, so that workers will place brood under strong 
artificial light if by so doing they reach a favorable zone 
of humidity. The workers are seemingly able to orient up 
humidity gradients, which, if true, implies the use of the 
antennae as the sensing organs. However, I know of no 
attempt that has been made to locate the specific sensilla 
that serve as hygroreceptors. 

There also exists some indirect. evidence, albeit very 
tenuous, that ants can sense the earth’s magnetic field. 
When Markl (1962) trained workers of Formica polyctena 
to hold a constant angle while running over a vertical 
surface, he found that they displayed a pattern of system- 
atic “résidual errors” closely similar to the Restmiss- 
weisung of honeybees performing waggle dances on their 
vertical combs. I have already mentioned that Lindauer 
and Martin were able to correct the honeybee Restmiss- 
weisung by placing hives in artificial magnetic fields that 
compensated for the earth’s magnetic field. The same 
experiment has yet to be performed with ants, but an 
adjustment like that displayed by bees seems a possibility. 

A time sense certainly exists in ants. But it varies strik- 
ingly among castes in a manner that is just beginning to 
be elucidated, and it must be carefully defined for each 
particular case. McCluskey (1958, 1965) discovered that 
male ants generally show a clear circadian rhythm, with 
sharp increases in restlessness at just the hour each day 
at which the nuptial flights occur. The nuptial hour varies 
among species, occurring in midmorning for some species, 
in late afternoon for others, in the hours just before dawn 
for still others, and so on. The peak of male activity at 
the species-specific time persists in the laboratory under 
conditions of constant illumination. These rhythms are 
notable in that they do not require feeding or any other 
rewarding stimulus to be initiated or sustained indefinitely 
at full strength. The virgin winged queens of Pogono- 
myrmex californicus and Veromessor pergandei also display 
circadian activity peaks corresponding to the times of the 
nuptial flight in nature, but this is wholly lost as soon as 
the queens mate (McCluskey, 1967; McCluskey and 
Carter, 1969). It remains to be seen whether further in- 
vestigation will reveal this to be a general phenomenon 
in the queen caste of ants. The existence of true, innately 
circadian activity peaks in workers of Veromessor, Irido- 
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myrmex, and Formica have been denied by Otto (1958a) 
and McCluskey (1963). However, it may be that these 
investigators simply did not monitor the appropriate be- 
havior patterns under the right conditions. Baroni Urbani 
(1965) has reported circadian rhythms in the foraging 
activity of Camponotus nylanderi, a nocturnal Mediter- 
ranean species. Even more significantly, Bert Hölldobler 
detected strong circadian peaks in the prenuptial activities 
of workers of Camponotus herculeanus and C. ligniperda, 
and he has demonstrated the same phenomenon in the 
evening homing and trail-following behavior of workers 
of Pogonomyrmex badius (personal communication). 
Each ant species has a distinctive daily foraging sched- 
ule, and some are active only for a few set hours each 
day. In the heath of southwestern Australia, for example, 
I discovered the existence of a remarkable degree of pre- 
cision in the changeover of ant species at dusk. In mid- 
afternoon, the ground and the branches and leaves of the 
low bushes that dominate the vegetation contained hordes 
of workers, mostly brown, red, or black in color and with 
medium-sized compound eyes, belonging to ten or so 
species of Myrmecia, Rhytidoponera, Dacryon, Irido- 
myrmex, and other typically Australian genera. As dusk 
fell, first one species, then another, began to pull back into 
their nests, while the nocturnal species—pale-colored, 
mostly large-eyed species in Colobostruma, Iridomyrmex, 
and Camponotus—made their appearance in a regularly 
staggered succession. So orderly was the changeover that 
approximately the same number of foraging workers re- 
mained on the bushes throughout. It is nevertheless not 
known whether the Australian ants are influenced by an 
internal, circadian time sense. Possibly the foraging times 
are controlled instead by the external conditions of light, 
humidity, and temperature. It is also likely that cases exist 
in which a circadian time sense and environmental condi- 
tions interact. A suggestive example is provided by Hodg- 
son’s study (1955) of the leaf-cutting ant Atta cephalotes. 
Workers of this American tropical species begin to move 
up to the entrance holes of their nest in the dark minutes 
just before dawn. As the first light spreads over the forest 
floor, between 5:30 and 6:00 A.M., the ants commence their 
daylong foraging. Their departure can be delayed by 
shading the nest entrance at this time, but no amount of 
light cast into the entrance holes before dawn can cause 
a premature start. Thus the workers appear to assemble 
in accord with a circadian time sense (or, less likely, in 
response to a periodic change in unknown environmental 
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factors in the nest), but they require illumination to carry 
through on the first foraging trip. 

À circadian memory was reported in Lasius fuliginosus 
and Formica rufa by Autrum (1936), who trained workers 
to search for food at the same time each day. The process 
required three to five days of successive rewards, and the 
results resemble closely the circadian learning previously 
reported by Beling for the honeybee. A noncircadian time 
sense was reported by Grabensberger (1933), who claimed 
to have trained workers of several ant species (Myrmica 
rubra, Lasius niger, Formica fusca, Camponotus ligni- 
perda) to search for food at intervals of 3, 5, 21, 22, 26, 
and 27 hours as well as 24 hours. This is an extraordinary 
result, especially in view of the fact that no such non- 
circadian rhythms have ever been taught to honeybees. 
It appears that Grabensberger was in error, however. 
Later experiments by Reichle (1943) and Dobrzañski 
(1956), utilizing the same as well as other species and 
genera, yielded wholly negative results. Neither of these 
investigators was able to induce so much as a 24-hour 
rhythm, but this, too, is an extraordinary result. The whole 
subject must be regarded as remaining in an uncertain 
state. 

Other Social Hymenoptera. Current information on the 
sensory physiology of social Hymenoptera other than Apis 
mellifera and ants is too meager to bear serious generali- 
zation. The interested specialist will be able to glean the 
bulk of the facts from several articles devoted primarily 
to other, better-documented subjects: Dethier (1963) on 
insect sensory physiology; Blackith (1958a) and Jacobs- 
Jessen (1959) on vision in social wasps and bumblebees; 
Spradbery (1965) on general aspects of wasp behavior; 
Free and Butler (1959) on general aspects of bumblebee 
behavior; and von Frisch (1967a) on the many compara- 
tive aspects of the sensory physiology of various social 
Hymenoptera with Apis mellifera as the central paradigm. 
Perhaps it will seem gratuitous to offer an opinion on the 
matter, but I believe it unlikely that further research on 
the other social Hymenoptera will reveal sensory capa- 


bilities of any great novelty. In the first place, the few _ 


quantitative data available are commensurate with the 
measurements on honeybees and ants. Second, honeybees 
and ants are phylogenetically relatively remote from each 
other, insofar as that is possible within the aculeate 
Hymenoptera, the bees having sprung from sphecoid 
wasps and the ants from scolioid wasps. Yet their sensory 
capacities have proved remarkably similar in all studies 
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to date, differing principally in quantitative aspects of 
vision and taste. In view of this fact, it is improbable that 
other social bees, which belong to the same subfamily 
(Apoidea) as Apis, or the social wasps, which are behav- 
iorally less specialized than the bees, have diverged very 
far in the evolution of sensory physiology. 

Termites. Surprisingly little attention has been paid to 
the sensory physiology of these insects. Richard (1950) has 
thoroughly analyzed the phototactic responses of Kalo- 
termes flavicollis, while Abushama (1966) has used elec- 
troantennograms to study olfactory receptors in the an- 
tennae of Zootermopsis angusticollis. The peripheral 
nervous system of K. flavicollis has been mapped in detail 
by Richard (1969). Histological studies of several genera 
of both lower and higher genera of termites, with special 
reference to caste differences, have been published by 
Zuberi (1963) and Hecker (1966). From what we now 
understand of social behavior in the termites, the most 
promising field of inquiry would seem to be chemorecep- 
tion, in all of its aspects. 


The Mental Capacities of Social Insects 


Training experiments designed to bracket sensory 
capabilities have had the agreeable side effect of providing 
measures of the capacity of bees to learn in a wide range 
of environmental circumstances. This learning capacity is 
impressive in several respects. To sum it all up briefly, the 
training experiments have shown that worker bees are 
able to learn signals in every known sensory modality. 
They can learn them quickly in most cases, and they can 
master multiple tasks dependent on several modalities 
simultaneously. Tasks can be memorized and performed 
in a sequence, as in the programs of visits to different 
flowers at specific times of the day. Isolated worker _ bees, 
can be trained to walk through relatively complex ti mazes, | 
taking as many as five turns in sequence in response to 
such clues as the distance between two spots, the color 
of a marker, and the angle of a turn in the maze (Kalmus, 
1937; Weiss, 1953, 1957). After associating a given color 
once with a reward of 2-molar sucrose solution, they can 
remember it for as long as six days. If given the experience 
three times in a row they remember the color for at least 
two weeks (Menzel, 1968). The location of a food site in 
the field can be remembered for a period of six to eight 
days; on one occasion worker bees were observed dancing 
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out the location of a site after two months of winter 
confinement (Lindauer, 1960b). 

Ants can perform comparable feats. Workers of Formica 
pallidefulva learned a six-point maze with relative ease at 
a rate only two to three times slower than that achieved 
by laboratory rats (Figure 11-15). Workers of Formica 
polyctena can remember their way through mazes for 
periods of up to four days (Chauvin, 1964), while those 
of F. rufa, operating under more natural circumstances, 
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FIGURE 11-15. At the top (1) is shown the plan of a maze 
with six blind alleys. The curves (2) represent the number of 
errors made in successive trials for eight hooded rats (broken 
line) and eight ants, Formica pallidefulva (solid line). Both 
groups of animals ran from 1 to 13e: the rats to a food place at 
x; the ants to their nest at x (redrawn from Schneirla, 1953b). 
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can simultaneously memorize the position of four separate 
landmarks and remember them well enough for use in 
orientation as much as a week later (Jander, 1957). The 
almost fantastic ability of both ants and bees to memorize 
the path and angular velocity of the sun has already been 
described. 

Equally impressive is the integrative process that takes 
place in the brains of bees and ants during foraging trips. 
The outward bound worker typically winds and loops in 
tortuous searching patterns until it encounters food. But 
then it takes a relatively direct route (the “bee-line”) in 
its return trip to the nest. On the basis of his experiments 
with Formica Jander suggested that the insect performs 
a continuous series of calculations analogous to the sim- 
plest possible mathematical operation. As it runs outward, 
according to Jander’s interpretation, the ant perceives the 
constant light source, the sun; and it is aware of the angles 
it takes relative to that source during each of its twists 
and turns. For every new direction taken, the product of 
the angle to the sun times the duration of the outward 
leg of the run is calculated, and the sum of all these 
products is divided by the total running time to produce 
the average (weighted) movement angle to the light. When 
the insect is ready to come home, it need only reverse this 
mean angle by 180°. The neural machinery for accom- 
plishing such a feat—which in our case would require a 
compass, a stopwatch, and integral vector calculus—is of 
course quite unknown. 

It would be tempting to Succumb to a sense of wonder 
and to conclude from these fragments of information that 
social insects are mentally comparable to vertebrates—and 
superior to their relatives among the solitary insect species. 
But in both their learning capacities and their innate 
behavior patterns they suffer from severe constraints that 
hold their total behavioral performances to levels far 
below those attained by the higher vertebrates. These 
constraints could not have been anticipated by theoretical 
considerations; they have been revealed item by item only 
in the course of empirical research. 

Learning is restricted to special conditions and has im- 
mediate adaptive value. Each of the outstanding learning 
feats documented in honeybees and ants is related to a 
narrow, particular challenge regularly encountered by the 
insects in the course of their daily activities. To take the 
ultimate example, individual workers can memorize the 
angle of their outward journey relative to the sun (even 
when following a twisting path), while simultaneously 
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accounting for the motion of the sun through the sky. Of 
course, this is the one feat they must d4écomplish whenever 
they are outside the nest in order to complete a simple 
foraging trip. By the same token, defective worker bees 
who could not tell time and memorize the hour would 
lose much of their pollen and nectar crop each day; bees 
and ants who could not memorize odors with a high 
degree of precision would soon see their colony bound- 
aries collapse; and so on. 

Social insects have achieved most of the basic forms of 
learning employed by mammals. To use Thorpe’s (1956) 


classification of learning performance, they are capable of /_. 


habituation—the gradual lessening of responses to stimuli | 


that are first disturbing but found by experience to be 
harmless or at least unavoidable. Ants can be “tamed” 
by human observers; if handled fre frequently enough, 
they respond calmly to being picked up and moved 
about. When learning a maze, Schneirla’s Formica (1941) 
first went through a stage of habituation (“generalized 
stage”). In this stage progress occurred through a simul- 
taneous decrease in excited and erratic behavior and an in- 
crease in a tendency to continue running when obstacles 
were encountered. Social insects are also capable of simple , 
associative | learning, which means the acquisition of con- 
ditioned responses by the Pavlovian association of rewards 
with previously meaningless stimuli. This is of course the 
mode of learning exploited by experimenters to delimit 
the sensory capacities of insects. A third basic mode is 
latent learning, exemplified in the social insects by the 
memorization of landmarks by foraging workers during 
orientation trips. These stimuli are not associated with 
immediate rewards, and in some cases the memories are 
not called upon until a later time. Social insects, however, 


are not believed to be capable of the fourth, most ad- IE: 


I. 


vanced mode, that of insight learning. This means that / 


they apparently cannot duplicate the mammalian feat of 
reorganizing their memories to construct a new response 
in the face of a novel problem. Dogs can, if given time, 
walk purposefully around a transparent barrier instead of 
trying to push through or over it. A chimpanzee, without 
coaching, can deduce how to pile boxes in order to reach 
a banana previously out of reach. No behavior equaling 
these feats has been observed in social insects. At the same 
time, there is really no sharp distinction between latent 
learning and insight learning, so that the gap between the 
social insects and mammals is probably only a quanti- 
tative one. 
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A closer examination of the learning process reveals 
other peculiar shortcomings. Honeybees can learn quickly 
to orient with respect to attractive odors but not at all with 
respect to repellents (von Frisch, 1919). Formica pallide- 
fulva workers tend to “follow their noses” to an extreme 
degree in maze learning. If the passage in a maze turns 
to the left, the ant tends to follow it around on the outer, 
or right-hand, side. If it next comes to a T-choice, it will 
usually proceed around the right-hand corner and into the 
right-hand arm of the choice. Consequently ants can learn 
a maze much more quickly if the arms they tend to follow 
by momentum have also been made the correct ones by 
the maze designer. Also, when the pallidefulva workers do 
make a wrong turn in the early stages of learning, they 
usually follow the blind alley to its very end before 
turning back. Only in later stages do they develop the 
ability to turn back shortly after a mistake has been made 
(Schneirla, 1943). 

The insects have only a limited ability to transfer memo- | 
ries to assist in the learning of new situations. By far the | 
most severe restriction in learning by insects, one demon- 
strated in all social species thus far studied, is the near 
absence of the process of transfer learning. When Formica 
workers are confronted with the problem of running a 
mastered maze in reverse, they treat the change as a whole 
new problem; while rats, in contrast, are able to make a 
considerable saving in learning time by transfer of the 
previous information (Schneirla, 1946a). The inability to 
transpose information to a reversal maze, or its approxi- 
mate equivalent in field situations, has also been reported 
in bumblebees (Wagner, 1906) and honeybees (Kalmus, 
1937; K. Weiss, 1953). Ants are even more simpleminded 
than this information suggests. When workers of Formica 
schaufussi are required to learn a maze leading to a food 
box, they are unable to use the information in finding their 
way through the same kind of maze when returning to 
the nest (B. A. Weiss and Schneirla, 1967). 

The only exception to this negative rule of which I am 
aware is the capacity of honeybee workers to generalize 
very simple visual patterns. Mazokhin-Porshnyakov (1968, 
1969) found that bees trained to come to a square divided 
into quadrants of different colors later responded to the 
same arrangement of quadrants even when the colors were 
different. A summary of some of Mazokhin-Porshnyakov’s 
results is presented in Figure 11-16. Parallel experiments 
have revealed the ability to generalize elementary ar- 
rangements of distinctive shapes. 
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FIGURE 11-16. One of Mazokhin-Porshnyakov’s experi- 
ments demonstrating the ability of honeybee workers to gener- 
alize visual patterns. Workers trained to come to a diagonal 
arrangement of two colors still responded to the same arrange- 
ment in later tests even when the particular colors of the 
squares were changed. 


Social insects do not play. Play, as Hinde (1966) has tried 
to define it biologically, is “a general term for activities 
which seem to the observer to make no immediate contri- 
bution to survival.” In mammals, play is comprised largely 
of rehearsals performed in a nonfunctional context of the 
serious activities of searching, fighting, courtship, hunting, 
and copulation. Among younger individuals, who display 
it most prominently, play appears to have two functions: 
first, exploring the environment and social partners; sec- 
ond, perfecting adaptive responses to both. 

Several authors have seriously claimed that ants engage 
in play or something closely resembling it. Pierre Huber 
(1810) described the following peculiar behavior in a 
mound-building species of Formica: 


One day I approached some of their mounds, which were 
exposed to the sun and sheltered from the north. The ants had 
gathered in large numbers and seemed to be enjoying the heat 
which prevailed on the surfaces of their nests . . . But when I 
undertook to follow each ant separately, I saw that they ap- 
proached one another waving their antennae with astonishing 
rapidity; with the front feet they lightly stroked the sides of the 
heads of other ants; and after these preliminary gestures, which 
resembled caresses, they stood up on their hind legs, two by 
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two, and wrestled one another, seizing a mandible, a leg, or 
antenna, and letting it go immediately; to return to the attack; 
clinging to one another’s waist or abdomen, embracing one 
another, overturning one another, falling and scrambling up 
again, and taking revenge for their defeat without appearing 
to inflict an injury; they did not eject their venom, as they do 
in their battles, and they did not grip their opponents with the 
tenacity seen in serious fights; they soon released the ants which 
they had seized, and tried to catch others; I saw some who were 
so ardent in their efforts that they pursued several workers in 
succession, and wrestled with them for a few moments, and the 
contest was concluded only when the less lively ant, having 
overthrown her opponent, succeeded in escaping and hiding 
herself in some gallery. 


Huber observed the same behavior repeatedly on the 
one nest, and he remained especially impressed by the 
fact that it never seemed to result in death or injury. In 
1921 Stumper described a similar form of combat amical 
in the little myrmicine ant Formicoxenus nitidulus, which 
he attributed to play functioning to get rid of excess 
“muscular energy.” But later the same author (1949) 
observed that the fighting was in deadly earnest and was, 
in fact, being carried on between members of different 
colonies! The territorial wars of the pavement ant Tetra- 
morium caespitum have much the same appearance as the 
activity described by Huber: prolonged “wrestling” by 
pairs of ants in the midst of a struggling mass of contend- 
ing workers, seldom resulting in injury and death. In short, 
these activities have a simple explanation having nothing 
to do with play. I know of no behavior in ants or any 
other social insects that can be construed as play or social 
practice behavior approaching the mammalian type. 

! Social insects exercise a severe economy in communi- 
| cation and response patterns. The queen substance of 
honeybees, trans-9-keto-2-decenoic acid, is used to inhibit 
ovariole development in workers, to inhibit royal-cell 
building by workers, to attract workers during swarming; 
it also serves as a long-distance sex attractant and an 
aphrodisiac inducing copulation by males who reach the 
queen in flight. A closely similar substance, trans-9- 
hydroxy-2-decenoic acid, causes clustering by workers 
during the swarm. The trail substance of fire ants (Sole- 
nopsis saevissima), possibly a single compound, is used to 
organize both food retrieval by masses of workers and 
colony emigration, and it is also employed in alarm com- 
munication. Almost the entire social organization of fire 
ants might be mediated by as few as ten pheromones 
(Wilson, 1962a). 
During orientation, ants and honeybees are able to 
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make use of cues in almost any sensory modality. But, 
as we have seen, two of the most different classes of 
stimuli, gravitational and visual, can be interchanged 
without difficulty in the course of a single act of orienta- 
tion. Thus, both appear to be employed by the same 
steering mechanism in the brajn, and this innate limitation 
has been economically turned to advantage by the 
honeybees to evolve their waggle dance communication. 
As a final act of neurophysiological economy, the waggle 
dance is used as a highly versatile device to recruit workers 
to every kind of food discovery, including water when that 
is needed by the colony, as well as to new nest sites during 
either colony division or absconding. 

One intriguing analogy that may exist between social 
insects and vertebrates is in the category of displacement 
activities. When workers of social insects are excited by 
alarm substances or some other, more direct disturbance, 
they tend to increase their rate of self-grooming. This 
could be interpreted as displacement behavior in the strict 
sense of vertebrate ethology, but it is just as reasonably 
explained as but one consequence of a heightened level 
of general activity. Recently Pflumm (1969) has presented 
evidence of a more sophisticated nature favoring the 
former hypothesis, at least under certain special circum- 
stances. He found that honeybee workers greatly increase 
their rate of self-grooming when torn between the tend- 
ency to drink sugar water at a feeder and the opposing 
tendency to depart for the nest. Direct behavioral obser- 
vations have shown that the two impulses are most nearly 
in balance at the beginning of a feeding session and 
toward the end, and it is at just these times that the 
self-grooming increases. Accordingly, Pflumm interprets 
the behavior to be comparable to displacement activities 
of vertebrates that arise in the face of conflicting stimuli 
of nearly equal effectiveness. But there is still no known 
example, of which I am aware, of displacement activities 
being ritualized to produce more complex signals, one of 
the most common and conspicuous events in vertebrate 
evolution. 

To summarize this discussion of the limits of behavioral 
capacity, experiments on the learning performance of 
honeybees and ants have already revealed many kinds of 
constraints which, by themselves, must hold the potential 
intelligence of these insects far below that of the mam- 
mals. F1 urther limitations of the insect brain are indicated 
by the frequent use of the same communicative signals 
and responses for two or more very different_purposes. 
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These purely empirical findings seem to be consistent | 
with certain anatomical limitations independently ob-/ 
served in the insect nervous system (Vowles, 1961). For 
example, the insect brain is vastly smaller and contains 
only a minute fraction of the number of neurons encoun- 
tered in the brain of even a primitive vertebrate. The 
insect neuron furthermore differs in basic structure from 
most kinds of vertebrate neurons. It has a small cell body 
almost entirely filled with nucleus. The great majority of 
the cell bodies lie at the periphery of the central nervous 
system and, like the dorsal root ganglion cells of verte- 
brates, they do not appear to play any role in integration. 
Instead, a short axon leads inward from each cell body, 
soon dividing into two or three branches that subdivide 
into dense arborizations resembling the frayed ends of 
strings. The arborizations from different cells are closely 


‘entangled to form the synaptic junctions. Thus the surface 


of the cell body, which in some parts of the vertebrate 
nervous system serves as an important receptive and 
integrative surface for incoming nerve impulses, is not 
used for that purpose in insect neurons. The insect neuron 
must receive its input entirely over its dendritic surfaces, 
a mode of transmission which Vowles considers to be 
intrinsically less efficient. He has also pointed out that, 
because the dendritic branches are shorter and fewer in 
number than in vertebrates, their receptive surface area 
is relatively much smaller. Also, the compactness of the 
dendritic arborizations and the intricacy of their entan- 
glement makes it likely that synaptic transmission depends 
more on how many presynaptic fibers are active than on 
which particular ones are firing. This coding rule, if it 
really exists, would automatically reduce the amount of 
information a neuron can transmit. Finally, insect neu- 
rons, because of the thinness of their myelin sheath and 
their lack of medullation, conduct impulses at only about 
one-tenth the speed of vertebrate neurons. Vowles draws 
the following provocative conclusion: “The properties of 
the insect neuron and the small size of the insect nervous 
system render necessary a functional organization far 
simpler than is often supposed. What should arouse our 
wonder is the success with which simplicity has been 
crowned.” 

It is nevertheless clear that the insect brain has made 
a heroic effort to overcome the limitations of small size 
in the course of evolution. Many of the shortcomings listed 
by Vowles are better regarded as compromises in design 
whose final effect is to increase the level of performance 
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over what would have been obtainable otherwise. By 
stripping away most of the myelin sheath and cell body, 
and by displacing the cell body to one side, it has been 
possible to increase the total number of neurons. And by 
shortening the axons and increasing the compactness of 
the intérmingled dendritic arborizations, a great, not a 
lesser, total number of neuronal connections in the central 
nervous system was made possible. Recent electron mi- 
croscope studies by Steiger (1967) on the neuropiles of 
the brain of the ants Formica rufa and Camponotus lig- 
niperda show how still further evolutionary refinements 
might have enhanced mental capacity. The neuropiles are 
dense feltworks of dendritic fibers and glial elements 
located in the corpora pedunculata of the brain. They are 
generally considered to be the main integrative areas of 
the brain in which complex behaviors are generated and 
organized (Franz Huber, 1965). Within the neuropiles are 
scattered minute bodies, called glomeruli, which are just 
visible under ordinary light microscopy. Electron micro- 
graphs reveal that each glomerulus contains a large pre- 
synaptic end knob with dozens of small postsynaptic end 
feet attached to its surface. These attachments are packed 
onto the knob surface at high densities comparable to 
those of the most elaborate vertebrate glomeruli. Also, 
there are two types of junctions discernible between the 
presynaptic and postsynaptic membranes. First are the 
synapses, or “active regions,” which have all the features 
of chemical junctions seen in the vertebrate nervous sys- 
tem. In addition, there are peculiar “tight junctions” which 
are located on both the external and internal surfaces of 
the presynaptic end knobs. The internal tight junctions 
are formed by the invagination of postsynaptic dendritic 
branches, whose membranes are fused throughout with 
the presynaptic membranes. 

It is tempting to speculate on the possible corre- 
spondence of the synaptic junctions with learned responses 
and the tight junctions with innate, or “programmed” 
behaviors. It is also tempting to guess about the degree 
to which such modifications as the shortening of the axons, 
compaction of the dendritic arborizations, and differen- 
tiation of the glomerular junctions have compensated for 
the intrinsically small size of the insect brain. The em- 
pirical evidence concerning learned behaviors shows that 
the compensation has been entirely inadequate to bring 
bees and ants to anywhere near the level of higher verte- 
brates. The evidence concerning innate behaviors is less 
clear; the two groups seem in fact to be comparable. 
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Otherwise, the neurophysiology of insects, particularly 
social insects, is still in too primitive a condition to offer 
firm correlates between the degree of behavioral com- 
plexity and the structure and function of the nervous 
system. Nevertheless, there is the exciting possibility that 
the demonstration of such a connection between anatomy 
and behavior lies close at hand. 

We now come to an equally interesting but even more 
difficult comparison, that between the social insects and 
their nonsocial relatives. No one doubts that the colonies 
of some social species are capable of more elaborate 
behavior than the individuals of any nonsocial species. But 
the question now before us is the degree of difference 
between adult individuals belonging to the two types. It 
is desirable to know how much of the exceptional com- 
plexity of colonial behavior is due to the complexity of 
individual behavior patterns, and how much to mass 
effects that come from the meshing of varying, but other- 
wise simple, individual patterns. Put another way, we need 
to ask whether new levels of complexity in the behavior 
of individuals is required before they can form advanced 
societies, or whether Mere specialization and coordination 
suffice. 

This question has never been subjected to careful and 
systematic scrutiny. Quantitative studies of learning and 
innate behavior are too scarce, especially among the soli- 
tary relatives of social insects, to permit extensive com- 
parisons. Nevertheless, I feel confident enough to offer the 
following opinion: Within the Hymenoptera, which con- 
tain the great majority of social insects, the individuals 
of many solitary species have mental capacities at least 
equaling those of social species. One need only think 
about the following extreme examples of complex behav- 
ior in solitary wasps—the orientation flights and prey 
searching of Philanthus, the complicated, species-specific 
nests constructed by single eumenine females, the ex- 
traordinary ability of Ammophila females to memorize the 
location and contents of several nests simultaneously, and 
many others (see, for example, the review by Markl and 
Lindauer, 1965)—to realize that this is probably true. It 
so happens that almost all controlled learning experiments 
have been confined to social species, particularly in the 
honeybees and ants. It is therefore little wonder that a 
quick reading of the literature gives the impression that 
the behavior of social species is more plastic. I believe that 
when such experiments are extended to the most closely 
related solitary groups, and are designed to allow precise 
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comparisons, this apparent difference will disappear. At 

the same time it is not true that just any kind of insect 
has the capacity to evolve into a social species. Social life 
requires at least moderate degrees of complexity and 
plasticity that may have developed in only a few orders 
of insects, including the Hymenoptera. 

Up to this point I have avoided pursuing the inevitable 
discussion of innate versus learned behavior. It is inter- 
esting for more than just historical purposes to note that 
extreme opposite philosophies concerning this dichotomy 
have been expressed in behavioral studies on ants within 
this century. Albrecht Bethe, an extreme reductionist, 
believed that ants are “reflex machines,” meaning that all 
of their behavior can eventually be dissected into simple, 
automatic responses to specific stimuli. Theodore C. 
Schneirla, a leading American psychologist of the behav- 
iorist school, took a position as close to the opposite as 
was possible. He stressed always the role of learning, from 
his early maze training of Formica to his later numerous 
theoretical discussions of comparative psychology. His 
intent, I believe, was also reductionist, but in this case 
because he wanted to account for as much behavior as 
possible in terms of the aggregation of simple responses 
based on experience. The idea of a programmed nervous 
system waiting to direct a complex sequence of specific 
behavioral acts solely upon receipt of a simple, “releaser” 
stimulus is uncongenial to this philosophy. Schneirla’s own 
excellent work on the army ants, those insects so justly 
famous for the blind NL y. © of their behavior, must 
have created a serious 4 ary fin his own mind (so it 
seemed to me in my own personal conversations with 
him). However, Schneirla usually attempted to be reduc- 
tionist in his interpretation of army ant behavior, even 
when he von the existence of innate elements. He 
searched always for general classes of stimuli, most fre- 
quently under the rubric of “trophallaxis,” a concept 
which he believed could explain the full behavior of the 
ants in terms of such equally simplified categories of 
response as levels of excitation, attraction, and repulsion 
(see Chapter 14). 

It is now very clear that neither of these opposing sim- 
plistic schemes accurately identified the innate and ex- 
periential elements of behavior. No conceptual shortcut 
can be substituted for the acquisition of empirical infor- 
mation on physiology and heritability along the lines 
roughly outlined at the beginning of this chapter. It is also 
clear that some of the most elaborate behavior patterns 
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in social insects are inherited in blocks that are relatively 
insensitive to outside perturbation, and they are thus likely 
to prove relatively intractable to analysis. The factual = 
of this generalization is extensive, but the most petsilasive 
evidence comes from the preservation of species-specific 
behavior in individual social insects placed in colonies 
belonging to other species. The following examples are 
known to me. Pieces of brood comb belonging to one 
species of meliponine bee can be introduced into the hive 
of another species. When the alien workers emerge from 
the pupal stage, they are accepted by their hosts, but they 
proceed to attempt a reconstruction of the host nest ac- 
cording to the plan characteristic of their own species. The 
result of the competition between hosts and guests is a 
hybrid nest of intermediate but very variable form 
(Nogueira-Neto, 1950). Workers of Formica captured as 
pupae by slave-making species of Formica and Polyergus 
still behave much like workers in normal, unmixed colo- 
nies of their own species, even to the construction of nests 
conforming to their species type (Wilson, 1955b). Similar 
fidelity to species-specific patterns is displayed in the 
laboratory by ants of differing species that are added to 
mixed colonies in the pupal stage (Kaethe Heyde, 1924). 

Finally there is the important matter of differences in 
mental capacity between castes belonging to the same 
colony. Schneirla (1933b) found strong variation in maze- 
learning ability even within the single monomorphic 
worker caste of Formica pallidelfulva. In ant species with 
complete dimorphism the behavioral differences between 
the subcastes are sometimes extreme in degree. Witness 
the contrast between the brutish soldiers of Pheidole, 
distinguished by an extremely limited repertory of re- 
sponses, and their versatile, nimble nestmates of the minor 
worker subcaste—the two might seem to belong to differ- 
ent species. 

There are three rules in the evolution of caste differ- 
ences | which I believe hold generally among the social 
insects. The first is that in the early stages of social evolu 
tion the queen is totipotent. That is, the queen can perform 
not only her reproductive functions but also, at least for 
a while, the functions of the worker caste. The second rule 
is that, as evolution progresses, the behaviors of the queen 7 
and worker castes tend to diverge, and in the course of 
the divergence the queen loses her totipotency while the 
worker comes no closer to acquiring it. The third rule is 
that, while some new behavioral acts are created in the 
course of caste evolution, most of the evolution consists 
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_ofthe loss of behavioral acts. The prevalence of loss results 
in a further drift from totipotency on the part of individual 
castes, yet without reducing the repertory of all the castes 
combined. The specialization and differentiation of castes 
actually tends to result in an increase in the total repertory 
of the colony as a whole. 

A formal theory of caste specialization and its role in 
the increase of colony fitness will be presented later, in 
Chapter 18. For the present, let us examine briefly some 
actual examples of the evolutionary trends just cited. The 
queens of the primitive ant genus Myrmecia can be taken 
as a case of a seemingly totipotent caste. They go out on 
the nuptial flights and mate away from the parent nest. 
Then, in the course of founding their own colony, they 
perform every known behavioral act in the repertory of 
the worker caste, including construction of the nest, rear- 
ing of an entire brood, and repeated foraging away from 
the nest for food. The queens of many, perhaps most, of 
the species of Ponerinae are also totipotent. A condition 
approaching totipotency is even to be encountered in the 
fungus-growing ants of the genus Acromyrmex, which are 
phylogenetically among the more advanced myrmicines. 
The Acromyrmex queens go through a normal nuptial 
flight after which they build a nest, construct a small 
fungus garden, and rear the first brood of workers, all on 
their own. In addition to these many complicated proce- 
dures, they occasionally leave the nest to forage for garden 
materials. Whether they can also lay odor trails and cut 
out leaf fragments, or whether these behaviors are the 
prerogative of the worker caste, is not known. But it is 
at least true that the queens alone are capable of most 
of the repertory of the entire colony, whereas this is de- 
cidedly not the case for the individual worker subcastes. 
In other higher ant groups we find various stages in the 
progressive loss of behavioral competency on the part of 
the queen caste. An extreme case of reduction is seen in 
the dichthadiigynes of the army ants, which do not start 
new colonies (these are created instead by fission of pre- 
existing colonies) and therefore do not engage in worker- 
like activities in the early part of their adult life. The 
dichthadiigynes also fail to conduct a nuptial flight, de- 
pending instead upon visits from males in the midst of 
their home bivouac. 

The queens of the bumblebees, the primitively eusocial 
halictine bees, the vespine wasps, and many polistine 
wasps also approach behavioral totipotency. On the basis 
of conventional phylogenetic criteria applied inde- 
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pendently to the morphological data, theirs is the primitive 
condition. At the extreme opposite position are found the 
queens of the honeybees and stingless bees, which like the 
army ant dichthadiigynes depend on fission of worker 
forces for colony multiplication and have lost the capacity 
to carry out most of the worker tasks. 

A persistent idea in insect sociology has been that the 
absolute size of the brain and the proportions of the 
corpora pedunculata relative to the rest of the brain can 
be taken as rough measures of mental capacity. Forel 
(1901a) was the first to phrase the matter with respect to 
the castes of ants: “Complicated instincts and the more 
apparent mental qualities (memory, plasticity, etc.) are 
possessed above all by the workers and to a much lesser 
degree by the queens. The males are incredibly stupid. . . 
These facts are clarified by a comparison of the organs 
of thought, that is the brains (corpora pedunculata) of the 
three castes. These organs are very large in the workers, 
much smaller in the queens, and almost wholly atrophied 
in the males.” The same idea was repeated and docu- 
mented at greater length, at least with reference to mor- 
phology, by Wheeler (1910), Pietschker (1911), Brun 
(1923), Pandazis (1930), Goll (1967), and others in the 
course of studies of various species of ants, and by Jonescu 
(1909) with respect to honeybees. In Figure 11-17 are 
presented diagrams of the ant and honeybee brains to 
show the location of the principal areas, including the 
corpora pedunculata; Figure 11-18 illustrates the differ- 
ences in the relative size of the corpora pedunculata 
among the castes of a typical ant species. More recent 
experimental work has yielded evidence supporting the 
idea that the corpora pedunculata, and particularly the 
neuropiles, are major centers of organization of both 
innate and learned behavior. When Vowles (1954c), for 
example, ablated the corpora pedunculata of Formica 
workers on one side with high-frequency radio waves, the 
ants lost sensitivity in the antenna on that side and ran 
in circles to the opposite side. Other experiments, con- 
ducted on several very different kinds of insects including 
honeybees, crickets, and other orthopterans, have 
prompted the following general conclusions (Huber, 
1965): (1) the general inhibitory system of the brain is 
located at least in part in the corpora pedunculata; (2) 
the corpora pedunculata act at least in part as antagonists 
to the central body in locomotory control; (3) the corpora 
pedunculata play a major integrative role in the regulation 
of complex (that is, multisegmental) muscle patterns. 
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FIGURE 11-17. Diagrams of the brains of a worker honey- 
bee and a worker ant (Formica) (redrawn from Vowles, 1955). 


Recently Bernstein and Bernstein (1969) were able to put 
the Forel hypothesis to a somewhat more direct test. They 
studied variation among workers of Formica rufa in the 
ability to run through a Schneirla maze and then searched 
for correlates among a broad selection of anatomical 
characteristics. The “navigational efficiency” of the ants 
was measured in terms of the time required and the 
distance covered during six runs between food and nest. 
The Bernsteins found that this efficiency was strongly and 


positively correlated with the size of the head, the diame- 


ter of the compound eyes and median ocellus, and the 
dimensions of the calyxes of the corpora pedunculata. It 
was distinctly less well correlated with the size of certain 
other anatomical structures, including the tibiae, optic 
lobes, antennal lobes, and, most significantly, the brain 
as a whole. 

No doubt changes in the corpora pedunculata are im- 
plicated in the evolution of complex behavior in insects 
in ways that we have hardly begun to understand. Even 
so, it would be an oversimplification and possibly an 
outright error to suppose, as most previous authors have 
done, that the size of the brain or any of its parts can 
be used as an index of mental capacity in comparing insect 
species or even castes. Notice, for example, the great 
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difference in size between the brain of Formica and the 
brain of the honeybee (Figure 11-17); yet the considerable 
amount of information now available indicates that the 
two insects have comparable mental ability. Looking over 
the insects as a whole, it is notable that the Protura and 
Thysanura have no corpora pedunculata, while the 
Ephemeroptera, Megaloptera, and Lepidoptera have only 
small corpora pedunculata; it is true, as was expected, that 
these are groups characterized by relatively limited be- 
haviors in comparison with such phylogenetically more 
advanced orders as the Coleoptera and Hymenoptera. It 
is also true, however, that roaches (Blattaria) and mantes 
(Dictyoptera), relatively primitive insects not celebrated 
for their mental prowess either, have relatively huge 
corpora pedunculata (Bullock and Horridge, 1965). Fi- 
nally, Forel was simply in error when he stated that 


worker 


FIGURE 11-18 The brains of the male, queen, and worker 
of the fungus-growing ant Acromyrmex multicinodis, showing 
the different sizes of the protocerebrum and in particular the 
corpora pedunculata, which are shown in white (modified from 
Pandazis, 1930). 
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worker ants have greater mental capacities than queens 
of the same species. The reverse is plainly the case in all 
but a few specialized groups, as I have already pointed 
out. Yet the corpora pedunculata of worker ants are gen- 
erally larger than those of queens. Surely better correlates 
between brain structure and mental capacity will be 
found, but they await more penetrating studies than those 
conducted in the past. 


The Building of Complexity in Societies 


The individual social insect, in comparison with the 
individual solitary insect, displays behavior patterns that 
are neither exceptionally ingenious nor exceptionally 
complex. The remarkable qualities of social life are mass 
phenomena that emerge from the meshing of these simple 
individual patterns by means of communication. In this 
principle lies the greatest challenge and opportunity of 
insect sociology. Wheeler, in his tract Emergent Evolution 
and the Social (1927), anticipated this property of the 
subject. He predicted that the integrative phenomena of 
societies of insects and other organisms will prove relatively 
easy to analyze because whole organisms are their inter- 
acting determining parts and, as such, are easier to ma- 
nipulate than molecules or cells. “Owing, moreover, to the 
loose and primitive character of the integration and the 
size of the components even in the densest societies, it is 
possible to ascertain the behaviour of the parts and to 
experiment with them more extensively than with chemi- 
cal and organismal wholes, since the parts of the latter 
are either microscopic or ultra microscopic and are always 
so compactly integrated that analysis becomes very diffi- 
cult and involves a considerable amount of statistical 
inference. Experiments in subdividing, castrating and 
grafting, and in introducing foreign elements with a view 
to observing their effects on animal and plant societies 
as emergent wholes, can be carried far beyond the limits 
of such experiments on the single living organism.” 

Wheeler was right about this, of course. It was no fault 
of his that by force majeure molecular biology and cellular 
biology have momentarily pressed so far ahead of behav- 
ioral and social biology. We are only now beginning to 
acquire the information required to begin comparable 
systems analyses in insect societies. Some of it has been 
reviewed in the chapters on caste, and more will be pre- 
sented in later chapters on communication. At this point 
I wish to attempt to formulate in a very general way the 
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principles of mass action by which insect colonies translate 
the numerous individual behavioral acts of its members 
into higher order effects. 

An important first rule concerning mass action is that 
it usually results from conflicting actions of many workers. 
The individual workers pay only limited attention to the 
behavior of nestmates near them, and they are largely 
unaware of the moment-by-moment condition of the 
colony as a whole. Anyone who has watched an ant colony 
emigrating from one nest site to another has seen this 
principle vividly illustrated. As workers stream outward 
carrying eggs, larvae, and pupae in their mandibles, other 
workers are busy carrying them back again. Still other 
workers run back and forth carrying nothing. Individuals 
are guided by the odor trail, if one exists, and each in- 
spects the nest site on its own. There is no sign of decision 
making at a higher level. On the contrary, the choice of 
nest site is decided by a sort of plebiscite, in which the 
will of the majority of the workers finally comes to prevail 
by virtue of their superior combined effort. As Lindauer 
(1961) first showed, a similar “democratic” process is 
employed by honeybee swarms in choosing new nest sites. 
Each scout bee indicates its own choice of a nest site by 
dancing on the surface of the swarm. Its degree of “com- 
mitment” is indicated by the liveliness and duration of 
its dances. Follower bees inspect the sites recommended 
by the competing scouts and, if sufficiently stimulated, 
commence dances of their own. Eventually performances 
indicating one of the sites come to predominate, and the 
swarm flies off in that direction. If the competition is too 
evenly divided, the swarm will either lack direction in- 
definitely or else be physically split by the opposing fac- 
tions. The building of nests is also partly the result of 
antagonistic efforts by individual workers. Individuals in 
Polistes colonies often build up brood cells while others 
are tearing them down, so that a greater effort in one 
direction or the other settles how many cells are to be 
constructed and where they are to be located (Deleurance, 
1950). The same process occurs in the construction of 
comb cells by honeybees. In order to obtain pieces of wax 
for cells of their own, the workers regularly tear away walls 
that are in the process of being constructed by other 
nestmates (Lindauer, 1952). Workers of Formica and other 
kinds of ants constantly work at cross purposes in exca- 
vating nests and transporting nest materials (Kloft, 1959a; 
Chauvin, 1960a). Although these various antagonistic 
actions seem chaotic when viewed at close range, their 
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final result is almost invariably a well-constructed nest that 
closely conforms to the plan exhibited throughout the 
species. 

The emergence of statistical order from competing ele- 
ments is displayed with striking speed and clarity in the 
marching patterns of army ants. At close range the move- 
ments of individual workers of the swarm-raiding species 
Eciton burchelli seem erratic. Schneirla (1940), for exam- 
ple, describes the behavior of a typical worker at the 
forward edge of the swarm as follows: 


Upon arriving in new terrain the worker slows up and meanders 
noticeably in her course, now with a jerky movement of the 
anterior body. Within the limited advance made before she 
withdraws, the worker’s body is held closer to the ground than 
before in a characteristic sprawly posture, legs extended and 
moving somewhat stiffly. Together with the wavering of the 
anterior body there is a rapid wasplike semirotatory vibration 
of the antennal funiculi. The extended antennae are bent 
downward and in their rapid beating tap the ground at frequent 
intervals. After having advanced hesitantly a few centimeters 
in this manner, the worker leans forward in an abrupt pause 
which may be repeated very rapidly or followed by another 
short advance, then she quickly turns and runs back into the 
swarm. 


During the brief advance into new territory the pioneer 
worker lays a small amount of trail pheromone from the 
tip of her abdomen, which draws other workers in the 
same direction. Meanwhile most of the swarm is moving 
forward in a chaotic manner: 


It is important not to understate the great variability of individ- 
ual behavior in the swarm, in describing constant trends. When 
Eciton workers cross paths in the swarm there occur all degrees 
of contact from momentary brushing of antennae or legs to a 
forcible collision. Ants that collide head-on draw back more or 
less abruptly and both may turn away or (if running slowly) 
slip past each other; those running against each other sidewise 
usually change their courses somewhat according to the force 
of the contact; or when a worker is overtaken from the rear 
her pace is accelerated by the bump if she is not actually over- 
run. 


Yet out of all this disorder the characteristic swarm of 
Eciton burchelli emerges: a roughly elliptical mass of 
workers, 10-15 m or more across and 1-2m in depth, 
connected by two or more thick feeder columns of workers 
leading back to the point of origin at the bivouac site, with 
the forward edge growing at the speed of 30 cm a minute. 
How is it created? Schneirla noted that two antagonistic 
forces are constantly at work on the individual ants in the 
swarm. The first is pressure: the tendency of ants to move 
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FIGURE 11-19. A schematic representation of movement 
within a swarm of the army ant Eciton burchelli. The limits of 
the swarm are indicated by a dashed line. The directions of 
movement of various of the 100,000 or more workers are indi- 
cated by arrows. In this instance the swarm is executing a flank- 
ing movement to the right: (P) the direction of pressure caused 
by the influx of newly arriving workers along the feeder col- 
umns; (R) the right flank undergoing a concentration; (L) the 
left flank undergoing an expansion; (O) the general direction 
of the oblique flanking turn; and (7) the impedance of mass 
progress by the slow advance of the pioneer ants along the an- 
terior and lateral borders of the swarm (redrawn from Schneir- 
la, 1940). 


away from places where crowding becomes too tight. As 
newcomers press in, mostly from the direction of the 
bivouac, they stimulate workers already present to turn 
and move away from them. This activity in turn induces 
workers still farther away to move outward, which gener- 
ates a centrifugal wave of excitation and movement. The 
second force is drainage: as places are vacated by workers, 
other workers in adjacent crowded areas tend to fill them 
again. Drainage is thus the simple opposite of pressure, 
and it, too, exerts its influence by wave-like propagations 
through the swarm. The basic pattern of movement within 
a burchelli swarm during a flanking turn is illustrated in 
Figure 11-19. As pressure builds from the rear by the 
constant influx of newly arriving workers, the ants already 
constituting the swarm attempt to move forward and to 
the side. However, the slow progress of the pioneer ants 
at the edge of the swarm impedes the movement of other 
ants at the heads of the columns and causes them to fan 
out into the terminal swarm formation. For an unknown 
reason, the impedance is greater at the front than along 
the sides so that the swarm flattens into an elliptical shape. 
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When large prey or concentrations of smaller prey are 
encountered, or the colony runs into difficult terrain, 
movement also slows down. Ants concentrate in such sites, 
while at the same time draining away from other sites less 
able to check their movement. The result is a flanking 
movement of the kind shown in Figure 11-19. As it inches 
forward, yielding first to one flanking movement and then 
to another, the swarm swings repeatedly back and forth. 

Elsewhere (Wilson, 1962a) I have referred to such 
interaction as “mass communication.” It is defined as the 
transfer among groups of information that a single indi- 
vidual could not pass to another. Other examples, which 
will be described in some detail later in this book, include 
the regulation of numbers of workers on odor trails 
(Chapter 13) and thermoregulation in the nests of social 
insects (Chapter 16). 


If group effects are typically the products of friendly | 


competition among large numbers of individuals in the 
same colony, it is equally true that the action of each 
individual results from competing stimuli impinging on 
‘it, including those produced by other members of the 
colony. The individual member of a large colony cannot 
possibly perceive the actions of more than a minute frac- 
tion of its nestmates; nor can it monitor the physiological 
condition of the colony as a whole. Yet somehow every- 
thing balances out, a fact that keeps drawing the mind 
back to Maeterlinck’s poetic question about the termite 
colony: “What is it that governs here, that issues orders, 
foresees the future. . . ?” The phenomenon of mass com- 
munication as I have just described it provides a small 
part of the answer; the rest can be only dimly visualized 
at the present time. It is surely true that the behaviors 
of individual social insects are programmed by their 
inborn neural organization—not in a way that permits 
them to communicate simultaneously with all other 
members of the colony (obviously beyond the capacity of 
insects), or to execute a series of predestined maneuvers 
like an elementary servomechanism, but rather in a way 
that causes them to respond with certain behaviors, in 
accord with certain probabilities, to the stimuli normally 
present in the colonial environment. If the single social 
` insect does not comprehend the environment in which it 
lives, at least it is able to make, on the average, the correct 
contribution to colony activity. 

The important feature of this stochastic theory of mass 
behavior is that not only the acts themselves are pro- 
grammed but also the frequency in which they occur. By 
adjusting the probabilities, and more exactly the transition 
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probabilities leading from one act to another, the mass 
behavior of the colony can be radically altered. Perhaps 
the probability matrices are repeatedly altered in the 
course of evolution to produce patterns of response that 
are efficient in meeting the particular environmental 
exigencies in which the species finds itself. Without 
knowing the exact numbers in the matrices, we can be 
certain that they differ between castes and change with 
age. Consequently, due attention will be paid later in this 
book to the subjects of optimization of caste ratios (Chap- 
ter 18) and age distribution (Chapter 21) as they relate 
to efficiency of performance. 

Earlier authors have looked at group behavior in a 
similar way. In the Histoire naturelle, générale et particu- 
liére, George Louis Leclerc Buffon proposed that social 
insects are automata and that societies are organized 
mindlessly as the outcome of their multitudinous separate 
activities. This same theme was struck again, in one form 
or another, by Verlaine, Weyrauch, and other students of 
“instinct theory” in the 1920’s and 1930’s. Among con- 
temporary authors, O. W. Richards (1965) suggested that 
“As a rule the organization cannot depend on the use of 
language but rather on the automatic effect on the indi- 
vidual of a variety of stimuli which, on the average, are 
likely to act in the right order and with the necessary 
intensity. Such are effects of age, of physiological state, 
of size or of structural type, of shared food or pheromones, 
and a certain amount of active interference by a fertile 
queen.” A. M. Wenner (1961) recommended, correctly I 
believe, that descriptions of behavior in honeybee colonies 
be in the form of matrices of transition probabilities. He 
also predicted that the sequences of behaviors of individ- 
ual worker bees will prove to conform to a Markov proc- 
ess, as opposed to a “deterministic” or “chain reflex” 
sequence. Wenner was apparently unaware that a deter- 
ministic sequence is but one kind of Markov process, and 
his definition of a Markov process is not the same one 
used by mathematicians. Apparently he only meant that 
more than one kind of response is possible following 
another given response—an argument that will certainly 
be accepted by all students of social insects. However, in 


forecasting the development of a stochastic theory of mass 
‚behavior, I am proposing a series of more widely ranging 
_evolutionary hypotheses which, because of their necessary 


involvement with problems of caste determination and 


‘population dynamics, are neither self-evident nor suscep- 


tible of easy proof: (1) the individual social insect, being 
unaware of most of what is going on in the colony to which 
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it belongs, responds in an ad hoc manner to the stimuli 
it encounters moment by moment; (2) the responses and 
the probabilities of their occurrence are programmed 
genetically so that mass behavior of the colony is efficient 
with respect to the particular environmental conditions 
experienced through evolutionary time by the species; (3) 
the program evolves as the environment changes, always 
in the direction of increasing colony efficiency; (4) caste 
ratios, the age structure of individuals in the colony, and 
communication also evolve so as to provide the responses 
and their probability structure with greater efficiency at 
the colony level. 

If these ideas are correct, it follows that the reconstruc- 
tion of mass behavior from a knowledge of the behavior 
of single colony members is the central problem of insect 


sociology. It is easy to go astray in predicting the form ` 


that such research will eventually assume. But for pur- 
poses of clarifying the problem a couple of imaginary 
examples will be useful. Table 11-3 gives three matrices 
of probability values of the kind that could be constructed 
at the beginning of a systems analysis of an insect society. 


Each is comprised of the probabilities of response to a _ 


particular kind of stimulus, which, in this imaginary ex- 
ample, is the expelling of a droplet of larval salivary 
secretion. In wasps and ants such material is“utilized as 
food by the workers; in these and other groups it might 
also serve an excretory function. It is only one of many 
kinds of social stimuli that members of a colony encounter 
at high rates around the clock, and for which similar 
matrices could be written. Matrix A contains the proba- 
bilities of workers encountering the stimulus after com- 
pleting certain other acts; these values are arbitrarily 
chosen to vary both according to the previous act and to 
the age of the worker. Matrix B contains the probabilities 
that the workers will imbibe the salivary droplet after 
encountering it; these values are selected to vary according 


to the previous act but not according to age. The proba- : 


bility that a worker of a given age and experience will 
both encounter the stimulus and display the response is 
the product of the two values applying to it in matrix A 
and matrix B. In matrix C are given the probabilities that 
a response to the stimulus will be given by workers of 
various given experience and age. Since these values also 


depend on the numbers of workers belonging to each class. 


in the colony, they cannot be derived ma from the 
information given in A and B. 

The A and B matrices would tell us how als 
of different castes and age groups organize their time and 
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TABLE 11-3. Imaginary set of probabilities of response 
by different colony members to a particular stimulus 
(larval salivary secretion). 


Age After After After After 
(days) feeding foraging excavating resting 


A. Probability that a worker of a given age group will en- 
counter larval salivary secretion after completing one of 
four possible acts 


1-4 0.15 0.04 0.02 0.04 
5-9 .10 .03 01 .03 
10-14 .07 .02 01 01 


B. Probability of feeding on the secretion after it has 
been encountered 


1-4 0.22 0.42 035 = 0.65 
5-9 5 42 35 65 
10-14 - oR 42 35 65 


C. Probability that a given larval secretion will be im- 
bibed by a worker of a given classification of age and 
immediate past experience 


1-4 0.30 0.10 0.05 0.10 
5-9 .20 .05 .01 .05 


10-14 .10 01 O1 .02 


divide labor. The C matrices, depending as they do on 
A and B, would report on which kind of workers handle 
given tasks and, therefore, how efficiently the tasks are 
performed. From an accumulation of such information a 
picture of the functioning of the entire-colony could ulti- 
mately be drawn up. Among the worthy mathematical 
problems that will be raised by such a statistical descrip- 
tion is the nature of the transition probabilities. These 
numbers cannot be expected to conform to an inde- 
pendent trials process because what an individual social 
insect does depends at least to some extent on the physio- 
logical and behavioral state it is in and hence on what 
it has been doing just prior to receiving a new stimulus. 
At the same time, the transition probabilities will not 
conform with any great fidelity to elementary Markov 
states. By this is meant that behavior is not solely pre- 
scribed by the action just completed. Social insects are not 
quite as simpleminded as that. As shown earlier, they are 
capable of some relatively complicated and long-term: 
learning. There is also some evidence that social insects 
become fixated on certain objects or tasks from experience 
alone. Bruns (1954a) discovered that workers of the ant 
Formica rufa come to specialize on the dominant insects 
in the vicinity of their nests, but they require one or two 
weeks to develop the preference. Free’s experiments 
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(1955b) on division of labor in bumblebees revealed that 
the longer an individual bee has been carrying out either 
household or foraging activities, the more likely it is to 
continue in the same line of duty when conditions in the 
colony change. The capacity to learn and particularly the 
predilection to repeat successful acts mean that probability 
matrices will vary greatly even among workers belonging 
to the same caste and age groups. Yet the final effect on 
the colony will not depend much on individual variability 
since, in the long run, what matters is the average of the 
matrices of all the members of a particular caste-age class. 
Finally, as exemplified in the diagram in Figure 11-20, 
the behavioral sequences can be expected to be ergodic. 
This means that, for most or all of its life, a colony mem- 
ber can pass from any stimulus to any response and back 
again to any stimulus. Included in the scheme is the fact 
that individual insects often seek the stimulus and are not 
always just passive recipients. In order for ergodicity to 
be realized, one category of response would have to be 
the act of failing to respond. Also, certain transition prob- 
abilities will be very low. Suppose that, within each caste 
and age class, the transition probabilities (p, ; and q, ;) are 
constant, or fluctuate around a constant mean value. 
Assume also that the number of workers in each caste and 
age group is constant, or fluctuates around a constant 
mean, or changes in a regular manner during the life of 
the colony. Assume finally that the stimuli can be identi- 
fied, in both kind and frequency, during the life of the 
colony. All of these conditions are reasonable and likely, 
albeit beyond our present capacity to measure. When 
measurements are made, it should then be possible to 
specify the mass behavior of the colony under various 
stimulus conditions. Furthermore, because of the ergodic 
property of the system, a more or less constant environ- 
ment during a period of, say, a few days or weeks would 
result in a more or less steady state of behavior in the 
colony as a whole. The stochastic theory of mass behavior 
implies that, insofar as the environment is predictable, the 
caste structure, the age structure, and the behavioral 
transition probabilities p, ; and q, ; will all evolve to maxi- 
mize the efficiency of the colony and hence its repro- 
ductive fitness. (A more complete theory of the roles of 
caste and age structure in colony fitness will be provided 
in Chapter 18.) 

The most promising form of group behavior on which 
a complete analysis can be undertaken is the cooperative 
construction of nests. First, the outcome of the behavior 
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FIGURE 11-20. An imaginary and oversimplified action 
scheme of behavior in workers of a given caste and age group, 
comprised of two kinds of stimuli and two kinds of responses. 
The transition probabilities between the stimuli and responses 
are given by the eight possible p; ; and q; ‚. This kind of ergodic 
structure, if combined with steady caste and age compositions 
in the colony, leads to a constant division of labor within the 
colony. 


is very predictable. By selectively damaging portions of 
the nest the experimenter can induce rebuilding activity 
on the part of the insects that is both rapid and repro- 
ducible. An engrossing enigma is presented by the very 
large, complicated nests of such social insects as the ants 
Azteca and Formica, the social wasps Polybia and Vespa, 
and the fungus-growing termites Macrotermes. It is all but 
impossible to conceive how one colony member can over- 
see more than a minute fraction of the construction work 
or envision in its entirety the plan of such a finished 
product. Some of these nests require many worker life- 
times to complete, and each new addition must somehow 
be brought into a proper relationship with the previous 
parts. The existence of such nests (see, for example, Figure 
6-11) leads inevitably to the conclusion that the workers 
interact in a very orderly and predictable manner. But 
how can the workers communicate so effectively over such 
long periods of time? Also, to use another Maeterlinckian 
phrase, who has the blueprint of the nest? It was with such 
questions in mind that Pierre-Paul Grassé (1959, 1967) 
conducted studies of nest building by the termites Cubi- 
termes and Macrotermes. His explanations do not “per- 
fectly” explain the whole problem, as he has claimed, but 
they do contain important insight on how construction is 
initiated and carried along. The key process is “stig- 
mergy”—Grasse’s term coined from the Greek phrase 
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meaning “incite to work.” In stigmergic labor it is the 
product of work previously accomplished, rather than 
direct communication among nestmates, that induces the 
insects to perform additional labor. Even if the work force 
is constantly renewed, the nest structure already com- 
pleted determines, by its location, its height, its shape, and 
probably also its odor, what further work will be done. 
Grassé distinguished three successive stages in the stig- 
mergic initiation of a large structure, which are exempli- 
fied in the construction of a single foundation arch by 
workers of Macrotermes (Bellicositermes) bellicosus. When 
workers of this species are placed in a container with some 
building material consisting of pellets of soil and excre- 
ment, they first pass through a state of “uncoordination,” 
during which each explores the container individually. In 
the next stage, that of “uncoordinated work,” the pellets 
of soil and excrement are carried about and put down in 
a seemingly haphazard fashion. Although crude passage- 
ways may begin to take shape, the termites, for the most 
part, still appear to act independently of each other. A 
pellet placed in one spot by one worker is often quickly 
picked up and placed somewhere else by another worker. 
Finally, seemingly by chance, two or three pellets get stuck 
on top of one another. This little structure proves much 
more attractive to termites than single pellets. They 
quickly begin to add more pellets on top, and a column 
starts to grow. If the column is the only one in the imme- 
diate vicinity, construction on it will cease after a while. 
If another column is located nearby, however, the termites 
continue adding pellets, and, after a certain height is 
reached, they bend the column at an angle in the direction 
of the neighboring column (Figure 11-21). When the tilted 
growing ends of the two columns meet, the arch is finished, 
and the workers move away. The sense by which the 
termites detect the proximity of the second column has 
not been identified. By process of elimination, it seems 
most likely to be olfaction. The insects cannot see the other 
column, and it is improbable that, in the midst of all the 
confused scampering in the vicinity, they can recognize 
distinct sounds from the column by conduction through 
substrate. Perhaps they run back and forth and measure 
distance between columns that way, but, if so, Grassé has 
not recorded it. This leaves the odor of the columns, which 
(in view of the skill of termites at detecting and following 
other odorous substances, including pheromones) might 
be sufficient to permit location at a distance. 

Several authors have challenged the completeness of 
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Grassé’s explanation. Harris and Sands (1965) and 
Chauvin (1968d) have pointed out that stigmergy can 
work only if the rules change at different times in vari- 
ous parts of the nest. Otherwise the architecture would be 
homogeneous, and such major elements as temporary 
launching platforms for nuptial flights and the compo- 
nents devoted to thermoregulation could not be incorpo- 
rated. Stuart (1967, 1969) has stressed another basic failing 
of the theory: the inability of a simple stigmergic machine 
to shut down when the job is finished. It is easy to see 
that work on an arch would halt when the ends of the 
two columns meet, but what finally stops the termites from 
building new arches? In his own studies on the repair of 
nest walls by workers of Nasutitermes and Zootermopsis, 
Stuart discovered that the termites continue building until 
the disturbing stimuli caused by the breach, namely air 
currents and lowered humidity, are removed. During the 
emergency additional workers are recruited to the scene 
by odor trails, and this communication ceases when the 
breach is closed. Stuart’s finding is especially significant 
in view of the fact that it reveals, contrary to Grassé’s 
simplifying assumption, that chemical communication is 
employed by the termites in the coordination of building 
activity. 

Thus it has been easy to show that the basic behavioral 
patterns employed in nest construction are more complex 
than envisioned by Grassé. Nevertheless, stigmergic re- 
sponses are evidently major elements in nest construction 
by social insects generally, and their explicit identification 
and study help clarify some baffling phenomena. Con- 
sider, for example, the remarkable cooperative labor of 
the weaver ants (Oecophylla longinoda and O. smaragdina) 
illustrated in Figure 11-22. These insects are wholly 
arboreal, and they construct their nests of green leaves 
held together by sticky larval silk. In order to make a nest 
wall, it is necessary for groups of workers to pull leaves 
together simultaneously while others move the larvae back 
and forth like animated shuttles. How is this cooperation 
achieved? The solution discovered by Sudd (1963) in- 
volves a simple form of stigmergy. As shown in Figure 
11-23, workers work independently in their first attempts 
to pull down or roll up leaves. When success is achieved 
by one or more of them at any part of a leaf, other workers 
in the vicinity abandon their own efforts and join in. Such 
forms of coordination in social insects are closely analo- 
gous to the operations of “majority organs” in general 
cybernetic systems (Meyer, 1966). 


Chapter 11 230 The Elements of Behavior 


FIGURE 11-21. The construction of an arch by workers of the termite Macrotermes bellicosus. Each column 
is built up by the addition of pellets of soil and excrement. On the outer part of the left column a worker is seen 
depositing a round fecal pellet. Other workers, having carried pellets in their mandibles up the columns, are 
now placing them at the growing ends of the columns. When a column reaches a certain height the termites, ev- 
idently guided by odor, begin to extend it at an angle in the direction of a neighboring column. A completed 
arch is shown in the background (drawing by Turid Hölldobler; based on Grassé, 1959, and Chauvin, 1968d). 
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FIGURE 11-22. The repairing of a rent in a nest of the 
weaver ant Oecophylla smaragdina. The nest is constructed of 
living leaves bound together by larval silk. One group of 
workers holds the leaves together while another moves the 
spinning larvae back and forth across the gap (from Wheeler, 
1910, after F. Doflein). 


Freisling (1938) interpreted nest construction by Euro- 
pean social wasps to be governed essentially by what 
Grassé later called stigmergy. Michener (1964a) has 
pointed out that stigmergic behavior must be the princi- 
pal, if not the sole, means by which the primitively 
eusocial halictid bees build their nests. Very little contact 
occurs between the bees in or around their nests, and 
construction often proceeds when only one is present. 
Even more cogent is the observation that the solitary 
relatives of the eusocial species build nests of equal or 
greater complexity. According to Batra (1968) the solitary 
and social species show no visible differences in the details 
of nest construction, or for that matter of provisioning, 
pollen formation, and brood inspection. Finally, it would 
be unfair to the perspicacious Pierre Huber for me to 
neglect to point out that it was really he who, in 1810, 
first conceived the basic idea of stigmergy. Speaking of 
nest building in Formica fusca, he said, “From these ob- 
servations, and a thousand like them, I am convinced that 
each ant acts independently of its companions. The first 
that hits upon an easy plan of execution immediately 
produces the outline of it; others only have to continue 
along these same lines, guided by an inspection of the first 
efforts.” 

The total simulation of construction of complex nests 
from a knowledge of the summed behaviors of the indi- 
vidual insects has not been accomplished and stands as 
a challenge to both biologists and mathematicians. The 
eventual achievement of such a simulation will be the 
evidence of a fairly high level of sophistication in our 
understanding of social behavior. It will also constitute 
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a technical breakthrough of exciting proportions, for it will 


‚then be possible, by artificially changing the probability 


matrices, to estimate the true amount of behavioral evo- 
lution required to go from the nest form of one species 
to that of another. Figure 11-24 presents a phylogenetic 
dendrogram of nest structure in Apicotermes, a genus of 
termites famous for the elaborateness of its nest archi- 
tecture and the marked changes that occur from species 
to species. Many years ago the Brazilian entomologist 
Adolfo Ducke (1914) actually employed comparisons of 
nest structure to help work out his now outmoded phy- 
logeny of the social Vespidae. Later, Emerson (1938) 
argued that such variation in nest structure provides an 
unparalleled opportunity to study the evolution of instinct 
because each nest is a frozen product of behavior that can 
be weighed, measured, and geometrically analyzed. This 
conception is true to a point, yet it must be stressed that 
a thorough understanding of behavioral evolution, in nest 
construction as well as other forms of colonial activity, will 
come only when the probability matrices can be written 
and artificially manipulated. One of the effects that might 
then be analyzed for the first time is amplification, a 
process conceived a priori to arise as follows: because 
transition probabilities accumulate two or more steps as 
the product of the probabilities of the separate steps, it 
is possible for small alterations in probability values to 
have large effects on responses several steps removed. 
Alternatively, effects can be reduced by appropriate 


FIGURE 11-23. The initiation of cooperative nest building in 
the weaver ant. When workers first attempt to fold a leaf (left) 
they spread over its surface and pull up on the edge wherever 
they can get a grip. One part (in this case, the tip) is turned 
more easily than the others, and the initial success draws other 
workers who add their effort, abandoning the rest of the leaf 
margin (center). The result (right) is a rolled leaf of a kind fre- 
quently encountered in Oecophylla nests. (From Sudd, 1963; 
courtesy of Science Journal, London, incorporating Discovery ). 
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FIGURE 11-24. A phylogenetic tree hypothesizing the evolution of nest structure at the species level within 
the termite genus Apicotermes. The structure shown is a small cross section of the nest wall. The known living 
species are arrayed in the top row; the hypothetical ancestral species are indicated by a check (} ) (redrawn 


from Markl and Lindauer, 1965: based on Schmidt, 1955). 


changes in the length of the chain of events and the 
probability values separating them. 

It seems intuitively likely that important behavioral 
evolution results from relatively small changes in the 
‘probability matrices. In evidence is the fact that behavior 
evolves at least as rapidly as morphology in social insects. 
In the termites in particular, behavioral diversity far out- 
strips morphological diversity at the level of species and 
higher taxonomic categories (Noirot, 1958-1959). Certain 
species of the African genus Apicotermes can be most 
easily distinguished from their closest relatives on the basis 
of nest structure, and in one case (A. arquieri versus A. 


occultus) the diagnosis so far has been made solely on the 
basis of this behavioral character (Emerson, 19S6a). 
Comparable examples have recently been discovered in 
the halictine bee genus Dialicrus (Knerer and Atwood, 
1966b) and the wasp genus Srenogasrer (Sakagami and 
Yoshikawa. 1968). Emerson has gone so far as to label 
such sibling pairs as “ethospecies.” However, there is no 
reason to believe that the populations constitute anything 
more or less than full, reproductively isolated species in 
which behavior has simply outpaced morphology in the 
early stages of evolutionary divergence. 


12 Communication: Alarm and Assembly 


General Properties of Communication 


Biological communication can be defined as action on 
the part of one organism (or cell) that alters the proba- 
bility pattern of behavior in another organism (or cell) 
in an adaptive fashion. By adaptive I mean that the sig- 
naling, or the response, or both, have been genetically 
programmed to some extent by natural selection. This 
broad definition of communication still leaves some kinds 
of interaction in nature ambiguously classified, particu- 
larly various predator-prey relations among species; for 
the moment, however, it is adequate for the social insects. 

The modes of communication found in the social insects 
are awesomely diverse. There exist the expected tappings, 
stridulations, strokings, graspings, antennations, tastings, 
and puffings and streakings of chemicals which evoke 
various responses from simple recognition to recruitment 
and alarm. We must add to this list other, often subtle 
and sometimes even bizarre effects: the exchange of 
pheromones in liquid food that inhibit caste development, 
the soliciting and exchange of special “trophic” eggs that 
exist only to be eaten, the acceleration or inhibition of 
work performance by the presence of other colony mem- 
bers nearby, various forms of dominance and submission 
relationships, programmed execution and cannibalism, 
necrophoresis, and still others. Much of the information 
on communication in social insects is fairly new, and its 
synthesis and classification present a novel task. 

Three generalizations are useful in gaining perspective 
on this subject. First, most communication systems in the 
social insects appear to be based on chemical signals. The 
known visual signals are sparse and simple. In some 
groups, such as the termites, they play no role in the 


day-to-day life of the colony. Airborne sound is only 


_ weakly perceived by these insects and has not been defi- 


nitely implicated in any important communication system. 
Some social insects, on the other hand, are extremely 
sensitive to sound carried by the substrate, but they evi- 
dently employ it only in limited fashion, chiefly during 
aggressive encounters and alarm signaling. Modulated 
sound signals evidently play a role in recruitment in the 
advanced stingless bees of the genus Melipona and in the 
honeybees, which have incorporated them in the waggle 
dance. Touch is universally employed within insect colo- 
nies but, with the possible exception of dominance and 
trophallaxis control in the vespine wasps, it has not been 
molded into a Morse-like system capable of transmitting 
higher loads of information. 

In contrast, chemical signals, or pheromones as they are 
now generally called, have been implicated in almost 
every category of communication. Thirteen years ago I 
realized that the separation of these substances by the 
dissection of their glandular sources could provide the 
means of analyzing much social behavior that had previ- 
ously seemed intractable: “The complex social behavior 
of ants appears to be mediated in large part by chemore- 
ceptors. If it can be assumed that ‘instinctive’ behavior 
of these insects is organized in a fashion similar to that 
demonstrated for the better known invertebrates, a useful 
hypothesis would seem to be that there exists a series of 
behavioral ‘releasers,’ in this case chemical substances 
voided by individual ants that evoke specific responses in 
other members of the same species. It is further useful 
for purposes of investigation to suppose that the releasers 
are produced at least in part as glandular secretions and 
tend to be accumulated and stored in glandular reservoirs” 
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(Wilson, 1958d). With each improvement in organic 
microanalysis permitting the separation and bioassay of 
secretory substances, new evidence has been added to 
support this conjecture. Pheromones, as the chemical 
releasers were first called by Karlson and Butenandt 
(1959), may be classified as olfactory or oral according to 
the site of their reception. Also, their various actions can 
be distinguished as releaser effects, comprising the classi- 
cal stimulus-response mediated wholly by the nervous 
system (the stimulus being thus by definition a chemical 
“releaser” in the terminology of animal behaviorists), or 
primer effects, in which endocrine and reproductive sys- 
tems are altered physiologically. In the latter case, the 
body is in a sense “primed” for new biological activity, 
and it responds afterward with an altered behavioral 
repertory when presented with appropriate stimuli 
(Wilson and Bossert, 1963). The sum of current evidence, 
which will be presented in detail in the next four chapters, 
indicates that pheromones play the central role in the 
organization of insect societies. The prevalence of chemi- 
cal signals in the still imperfectly known communication 
system of a typical ant species, Solenopsis saevissima, is 
documented in Table 12-1. A different view of the diver- 
sity and importance of chemical signals used in commu- 
nication of ants and honeybees can be gained from Figure 
12-1 and Table 12-2. 

The second generalization is that most of the com- 
munication systems have parallels in behavior patterns 
already present in some form or other in solitary and pre- 
social insects. Nest building is a case in point. The primi- 
tive ants, termites, and social wasps build nests which are 
scarcely more complicated than those of many of their 
solitary relatives. The nests of primitively social bees are 
frequently simpler than those of their solitary relatives. 
Elaboration of nest structure occurred in certain phyletic 
lines after the eusocial state was attained, and its evolution 
can be easily traced. The dominance hierarchies that play 
a key role in bumblebee and wasp societies have a prece- 
dent in the territorial behavior of many solitary insect 
species, including at least a few hymenopterans. Elaborate 
brood care, a hallmark of higher sociality, has its pre- 
cursor in progressive larval feeding in a multitude of sub- 
social species belonging to several insect orders. Alarm 
substances are in many cases simply modified defensive 
secretions, and trail substances have a parallel at least in 
the odor spots used to mark the nuptial flight paths of 
the males of some solitary Hymenoptera. Even the ele- 
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ments of the honeybee waggle dance, the distant apex of 
insect social evolution in the eyes of most biologists, have 
precursors: the modulated rocking behavior of saturniid 
moths, which varies in duration according to the length 
of the flight just completed and thus resembles the straight 
run of the bee dance; the oriented “dances” of hungry 
Phormia regina flies which have been given a small drop 
of sugar water; and the ability of some solitary insects to 
shift from light to gravity orientation when placed on 
dark, vertical surfaces. 

This brings us finally to the third generalization about 
communication in insect societies. The remarkable quali- 
ties of social life are mass phenomena that emerge from 
the integration of much simpler individual patterns by 
means of communication. If communication itself is first 
treated as a discrete phenomenon, the entire subject be- 


TABLE 12-1. Known categories of communication 
among workers of the fire ant Solenopsis saevissima 
(modified from Wilson, 1962a). 


Stimulus Transmission Response 
Nest odor Chemical Nil, if odor is 
undisturbed 
Casual antennal or Tactile Turning-toward 
bodily contact movement or 
increased 
undirected 
movement 
Abdominal vibration Sound from Function, if any, 
stridulation (?) unknown 
Body surface Chemical Oral grooming 
attractants 
Carbon dioxide Chemical Clustering and 
digging 
Ingluvial food Probably tactile Regurgitation 
solicitation 
Regurgitation Chemical, at Feeding 
least in part 
Emission of Dufour’s Chemical Attraction, followed 
gland substance as by movement along 
trail trail; used in mass 
foraging and colony 
emigration 
Emission of Dufour’s Chemical Attraction to 
gland substance disturbed worker 
during attack 
Emission of cephalic Chemical Alarm behavior 
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FIGURE 12-1. Exocrine gland systems of (top) the honeybee 
worker (Apis mellifera) and (bottom) the worker of the ant spe- 
cies Iridomyrmex humilis. Glands of the two species are labeled 
with the same number if they are considered homologous; 
where different names have been used in the literature, the 
name used for ants is given in parentheses in the key to follow; 
several minor glands of unknown function are omitted. 
(Pavan’s gland and the anal gland are found only in the ant 
subfamily Dolichoderinae.) (1) Mandibular glands; (2) hypo- 
pharyngeal (= maxillary) gland; (3) head labial gland; (4) 
thorax labial gland; (5) hypostomal (postgenal) gland; (6) wax 
glands; (7) poison gland; (8) vesicle of poison gland; (9) 
Dufour’s gland; (10) Koschevnikov’s gland; (11) Nasanov’s 
gland; (12) postpharyngeal gland; (13) metapleural gland; (14) 
hind gut (glandular nature uncertain); (15) anal gland; (16) res- 
ervoir of anal gland; (17) Pavan’s gland (diagram of honeybee 
system, modified from Ribbands, 1953, after R. E. Snodgrass, 
with Koschevnikov’s gland added; diagram of the ant system, 
modified from Pavan and Ronchetti, 1955; homologies of ce- 
phalic glands according to Otto, 1958b and Lind, 1970). 
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comes much more readily analyzed. In fact, students of 
animal behavior have begun to treat the analysis of ani- 
mal communication as a discrete discipline; it has been 
referred to as zoosemiotics (Sebeok, 1965). To date we 
have found it convenient to recognize about nine cate- 
gories of responses, as given in the following list: 


. Alarm 

. Simple attraction (multiple attraction = “assembly”) 

. Recruitment, as to a new food source or nest site 

Grooming, including assistance at molting 

. Trophallaxis (the exchange of oral and anal liquid) 

. Exchange of solid food particles 

. Group effect: either increasing a given activity 
(“facilitation”) or inhibiting it 

8. Recognition, of both nestmates and members of 

particular castes 
9. Caste determination, either by inhibition or by stim- 
ulation 


No doubt this elementary classification is destined for 
early obsolescence due to the current rapid increase in our 
information. For the moment, it is the best available 
framework on which to arrange a highly eclectic set of 
empirical observations. 


Alarm Communication 


There exist in the social insects a diversity of responses 
to threatening stimuli that can be described as strict alarm 
reactions and a set of signals passed back and forth among 
members of the same colony that can be unambiguously 
labeled alarm communication. Yet in other cases the 
functions are compound and less neatly pigeonholed, as, 
for example, the combined alarm-defense systems of ants 
and termites, where the same chemical secretions are used 
both as signals and defensive weapons. Even more com- 
plex are the alarm-recruitment-construction systems of 
termites, where chemical trails are used to recruit workers 
to breaches in the nest wall and other irregularities in nest 
structure, which in turn may or may not be an immediate 
source of danger. 

Chemical Alarm Signals. \t is common knowledge 
among beekeepers that, when one honeybee stings an 
intruder, her nestmates often move in swiftly to join the 
attack. That the signal provoking such mass assaults is an 
odorous chemical released from the sting was realized long 
ago by Charles Butler (1609). The following passage from 


Chapter 12 236 Communication: Alarm and Assembly 


TABLE 12-2. Glandular source, chemical identity, and function of pheromones in the honeybee (Apis mellifera) and in 
several species of ants (Formicidae). A zero indicates that the insect does not have the gland in question; a question 
mark, that it is present but with unknown function. Unless indicated otherwise, the information applies to the worker 
caste. From the data of M. S. Blum, R. Boch, D. Otto, M. Pavan, F. E. Regnier, M. Renner, D. A. Shearer, 

J. Simpson, and E. O. Wilson (cited in Wilson, 1965a). 


Source 
Hypopha- Glands 
Mandibular ryngeal Labial Nasanov’s Hind Dufour’s Poison  ofsting Pavan’s Anal 
Species glands glands glands gland gut gland gland  chamber gland gland 
Apidae (Worker) Royal Cleaning Geraniol, ? ? ? (Worker) 0 0 
2-Heptanone: jelly and citral, Isoamyl 
alarm (weak) dissolving  geranic acetate: 
acid, alarm 
nerolic 
Apis (Queen) acid: (Queen) 
mellifera 9-ketodecenoic attraction Unknown 
acid: inhibition leading to scent: 
of queen rearing assembly attraction 
and of worker 
ovary 
development; 
sex pheromone 
9-hydroxydecenoic 
acid: settling 
of worker swarms 
Formicidae 
Atta spp. Citral: alarm ? ? ? ? Trail 0 0 0 
Iridomyrmex a ? 2 ? % ? 0 Trail 2-Heptanone: 
humilis alarm 
Acanthomyops Citronellal, citral, 4 ? Trail Undecane, 2 0 0 0 
claviger etc.: alarm tridecane, 
tridecanone: 
alarm 


The Feminine Monarchie may, in fact, be the earliest 
explicit description of an insect pheromone of any kind: 


When you are stung, or any in the company, yea though a Bee 
have strike but your clothes, specially in hot weather, you were 
best be packing as fast as you can: for the other Bees smelling 
the ranke favour of the poison cast out with the sting will come 
about you as thicke as haile: so that fitly and lively did he expresse 
the multitude & fierceness of his enimies that said They came 
about me like Bees. 


Recent research has identified one of the components of 
the sting pheromone as isoamyl acetate and pinpointed 
its glandular source in cells lining the sting pouch (Ghent 
and Gary, 1962; Shearer and Boch, 1965). The barbed 
sting of the honeybee worker catches in the skin of the 
victim, and, when the bee attempts to fly away, it fre- 


quently leaves behind the sting along with the attached 
poison and Dufour’s gland and parts of its viscera. The 
isoamyl acetate is exposed, probably along with other, 
unidentified alarm substances. It evaporates rapidly and 
attracts other workers to the source. When pure isoamyl 
acetate is placed in cotton balls, it is still attractive to 
worker bees, even in the absence of the sting, accessory 
pheromones, and other clues that might be left behind 
by an attacking worker. 

Let us now examine in some detail an example of a 
relatively uncomplicated chemical alarm system, this time 
in the ants. When a worker of the subterranean formicine 
ant Acanthomyops claviger is strongly disturbed, say 
placed under attack by a member of a rival colony or an 
insect predator, it reacts strongly by simultaneously dis- 
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charging the reservoirs of its mandibular and Dufour’s 
glands. After a brief delay, other workers resting a short 
distance away display the following response: the anten- 
nae are raised, extended, and swept in an exploratory 
fashion through the air; the mandibles are opened; and 
the ant begins to walk, then run, in the general direction 
of the disturbance. Workers sitting a few millimeters away 
will begin to react within seconds, while those a few centi- 
meters distant may take a minute or longer. In other 
words, the signal appears to obey the laws of gas diffusion. 
Experiments have implicated some of the terpenes, hy- 
drocarbons, and ketones displayed in Figure 12-2 as the 
alarm pheromones. Undecane and the mandibular gland 
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FIGURE 12-2. The structural formulas of volatile substances 
found in the mandibular gland (front) and Dufour’s gland 
(rear) of Acanthomyops claviger. Formic acid, produced by the 
poison gland, is used exclusively in defense, while tridecane, 
tridecanone, pentadecane, and pentadecanone are mostly or en- 
tirely defensive in function. Undecane and the mandibular 
gland substances operate both as defensive substances and as 
alarm substances over distances of several centimeters (from 
Regnier and Wilson, 1968). 
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substances (the latter all terpenes) evoke the alarm re- 
sponse at concentrations of 10° — 101? molecules per cubic 
centimeter. These same substances are individually pres- 
ent in amounts ranging from as low as 44 ng to as high 
as 4.3 ug per ant, and altogether they total about 8 ug. 
Released in gaseous form during experiments, similar 
quantities of the synthetic pheromones produce the same 
responses. Apparently the A. claviger workers rely entirely 
on these pheromones for alarm communication. Their 
system seems designed to bring workers to the aid of a 
distressed nestmate over distances of up to 10 cm. Unless 
the signal is then reinforced by additional emissions, it 
dies out within a few minutes. The alerted workers ap- 
proach their target in a truculent manner. This overall 
defensive strategy is in keeping with the structure of the 


' Acanthomyops colonies, which are large in size and often 


densely concentrated in the constricted subterranean 
galleries. According to our interpretation, it would not pay 
for the colonies to try to disperse when their nests are 
invaded, and, consequently, the workers have evolved so 
as to meet danger head on (Regnier and Wilson, 1968). 

A different strategy is employed in the chemical alarm- 
defense system of the related ant Lasius alienus. Colonies 
of this species are smaller and normally nest under rocks 
or in pieces of rotting wood on the ground; such nest sites 
give the ants ready egress when the colonies are seriously 
disturbed. L. alienus workers produce the same volatile 
substances as Acanthomyops claviger, with the exception 
of citronellal, neral, and citral. Their principle volatile 
component is undecane. When they smell the phero- 
mones, the Lasius workers scatter and run frantically in 
a comparatively unoriented fashion. They are more sensi- 
tive to undecane than the Acanthomyops workers, being 
activated by only 107 — 10! molecules per cubic centi- 
meter. It can be concluded, therefore, that, in contrast to 
A. claviger, L. alienus utilizes an “early warning” system 
and subsequent evacuation in coping with serious intru- 
sion (Regnier and Wilson, 1969). 

The harvesting ant Pogonomyrmex badius has a some- 
what more elaborate response. Its principle alarm phero- 
mone is 4-methyl-3-heptanone, which is stored in quanti- 
ties of 0.2-34.0 ug (average: about 16 ug) in the mandibu- 
lar gland reservoir (Vick et al., 1969; Nancy Lind, personal 
communication). Workers respond to threshold concen- 
trations averaging 101° molecules per cubic centimeter by 
moving toward the odor source; when a zone of concen- 
tration one or more orders of magnitude greater than this 
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amount is reached, the ants switch into an aggressive 
alarm frenzy (Wilson, 1958d; Lind, personal communi- 
cation). 

The recruitment component of alarm signaling is wholly 
separated in the fire ant Solenopsis saevissima. When a 
worker of this aggressive species is physically constrained, 
as it might be in combat with an alien ant worker, it 
simultaneously discharges an alarm substance from the 
head and one or more trail substances from the Dufour’s 
gland of the abdomen. The alarm substance excites other 
workers without orienting them, while the trail substance 
does the reverse, at least in low concentrations. In combi- 
nation the two pheromones both attract and excite 
(Wilson, 1965a). 

Chemical alarm systems of one design or another are 
widespread in the social insects. Maschwitz (1964, 1966b) 
found evidence of alarm pheromones in all 23 of the more 
highly social species of Hymenoptera he surveyed in 
Europe. Several well-formed exocrine glands were impli- 
cated: the mandibular gland in the honeybee and many 
species of ants, the poison gland in Vespa and a few ant 
species, and Dufour’s gland and anal gland in still other 
ant species. On the other hand, the more primitively social 
Hymenoptera, in particular the bumblebees and wasps of 
the genus Polistes, showed no evidence of utilizing such 
pheromones. Some of the phylogenetically more advanced 
termites produce volatile substances that act as 
straightforward alarm signals: for example, pinenes from 
the cephalic glands of the nasute soldiers of Nasutitermes 
and limonene from the same glands in the soldiers of 
Drepanotermes (Moore, 1968). 

Bossert and Wilson (1963) predicted, on the basis of a 
priori considerations of potential molecular diversity in 
the pheromones and of olfactory efficiency in insect 
chemoreceptors, that most alarm substances in social 
insects would prove to have between five and ten carbon 
members and to have molecular weights between 100 and 
200. Most alarm substances are not species-specific. This 
is not at all surprising in view of the consideration that 
it would seem to be of advantage to social insects to be 
able to “read” alarm signals coming from other species, 
especially those that are potentially dangerous to them. 
What limited specificity does occur in the 100-200 range 
of molecular weight can be easily obtained with the avail- 
able diversity of molecular structure. We also concluded 
that in order for a substance to have a short fading time 
(a necessary property for an efficient alarm system), an 
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intermediate threshold concentration is needed, that is, 
one neither very high nor very low in comparison with 
other pheromone systems. Insect chemoreceptors appear 
to have been so constructed in the course of evolution as 
to respond with increasing efficiency to molecules of in- 
creasing size in a given homologous series. They can be 
very efficiently adjusted to volatile odorants with molecu- 
lar weights in the 100-200 range. 

The molecular weight principle is illustrated in the 
alarm system of Pogonomyrmex badius. By directly meas- 
uring the effects of 4-methyl-3-heptanone from whole 
crushed heads, we obtained estimates for the “O/K 
ratio”—the ratio of (i) pheromone molecules released to 
(ii) response-threshold concentrations (in molecules per 
cubic centimeter)—ranging from between 939 and 1,800. 
The Q/K ratio for this substance falls far below the ratios 
calculated for the sex attractants of moths (1014) and is 
well above that of the trail substance of the fire ant (about 
1). As a consequence of the intermediate Q/K value, the 
entire contents of the paired mandibular glands of 
P. badius provide a brief signal when discharged in air. 
A small “active space” (that is, the space within which 
the concentration is at or above the response threshold) is 
generated, attaining a maximum radius of only about 
6cm. After approximately 35 seconds, further diffusion 
reduces the active space to nearly zero, and the signal 
vanishes. The Pogonomyrmex colony is thus able to lo- 
calize its alarm communication sharply in time and space. 

The same design feature occurs in other ant species. In 
Acanthomyops claviger the Q/K ratios are on the order 
of 10% — 10%. If the entire contents of the Dufour’s gland, 
containing about 2.5 ug of undecane, is discharged as a puff 
from the poison funnel, the diffusion model of Bossert and 
Wilson predicts that the pheromone signal would reach 
a maximum of about 20cm in still air. If, on the other 
hand, only 0.1 percent were discharged, this active space 
would still reach a maximum of 2 cm. Experiments with 
Acanthomyops colonies disclosed that the signals, gener- 
ated by all the volatile substances of a single worker 
combined, actually reach a maximum of 10 cm or slightly 
more. 

Consider what would happen if the Q/K ratios of the 
alarm substances were very different from the values we 
estimated. If they had the same value as the fire ant trail 
substance, the active space would reach a maximum of 
at most a few millimeters and fade out in seconds. In other 
words, the signal would not travel beyond the distance 
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within which other ants could perceive the danger directly 
themselves. If, on the other hand, the Q/K ratio ap- 
proached the extremely high values of the moth sex phero- 
mones, a single puff of undecane could theoretically gen- 
erate an active space that would expand outward for a 
distance of kilometers and persist for years! This is im- 
possible in practice, of course, but at the very least such 
an overly effective alarm signal would keep ant colonies 
in perpetual turmoil. 

The rule that airborne alarm substances have small, 
relatively simple molecules has continued to hold since 
we first formulated it in 1963. Most of the volatile sub- 
stances identified to date that are known or probable 
alarm pheromones are listed in Table 12-3. 

In some cases the discharge of the pheromones is ac- 
companied by characteristic running patterns or postures 
on the part of the signaling animal. For example, the 
alarmed honeybee worker dispenses isoamyl acetate from 
its sting chamber, and probably other alarm pheromones 
as well, while assuming the striking pose pictured in 
Figure 12-3. A disturbed honeybee worker is seen in the 
act of dispensing isoamyl acetate and possibly other alarm 
substances. The sting chamber is open, the sting is pro- 
truded, and the hairy membrane of the sting chamber, 
in which the pheromones are stored in liquid form, is 
everted. The bee is also beating its wings. This behavior 
draws in other workers, who investigate the vicinity ac- 
tively and aggressively (Maschwitz, 1964). Some dolicho- 
derine ants, such as the members of Forelius, lift their 
abdomens to a characteristic vertical position while re- 
leasing alarm substances (Goetsch, 1953a). Approximately 
the same behavior, with or without the alarm component, 
is displayed by species of the distinctive myrmicine genus 
Crematogaster, whose workers dispense drops of poisonous 
substances from the blunted tips of their stings while 
discharging alarm pheromones from the head (Buren, 
1958; Blum ef al., 1969). Species of Formica spray mix- 
tures of formic acid and Dufour’s gland secretions, the 
latter serving as both defensive substances and alarm 
pheromones (F. E. Regnier and E. O. Wilson, unpublished 
observations). 

Other odorant substances from ants have been reported 
that have not been assayed behaviorally but are likely 
candidates for alarm pheromones. These include acetic, 
propionic, and isovaleric acids from the myrmicine 
Myrmicaria natalensis (Quilico et al, 1960), 2-hexenal 
from the myrmicine Crematogaster africana (Bevan et al., 
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FIGURE 12-3. The alarm-defense posture (A) is contrasted 
with the resting posture (B) in workers of two ant species and 
the honeybee: (top) Formica polyctena; (middle) Crematogaster 
ashmeadi; (bottom) Apis mellifera (prepared by Bert and Turid 
Hölldobler). 


1961), a-farnesene from the Dufour’s gland of the 
myrmicine Aphaenogaster longiceps (Cavill et al., 1967), 
4-methyl-2-hexanone from the dolichoderine Dicerato- 
clinea clarki (Cavill and Robertson, 1965), and n-decyl-, 
n-undecyl-, and n-dodecyl acetate from Formica sanguinea 
(Bergström and Löfgvist, 1968). 

A general characteristic of the chemical alarm signals 
is that they fade quickly unless the danger stimulus is 
applied continuously. In other words, there is no positive 


TABLE 12-3. Known and probable alarm substances in worker castes of social insects. 
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Glandular 
Species Substance source Effect Authority 
ANTS 
Myrmicinae 
Myrmica 3-Octanone, Mandibular Excitement, attraction, threat posture Crewe and Blum (1970) 
brevinodis 3-Octanol glands 
Pogonomyrmex 4-Methyl-3- Mandibular Low concentrations: attraction Wilson (1958d); Bossert and Wilson 
spp. heptanone (major glands High concentrations: excitement, (1963); McGurk et al. (1966); Vick 
component) digging et al. (1969) 
4-Methyl-3-heptanol Mandibular 
(minor glands 
component) 
Atta sexdens Citral, Mandibular Excitement, attraction Butenandt ef al. (1959); Blum et al. 
5-Methyl-3- glands (1968) 
heptanone 
Atta texana 4-Methyl-3- Mandibular Low concentrations: attract and Moser et al. (1968) 
heptanone (major glands alarm 
component) High concentrations: repel and alarm 
2-Heptanone (minor Mandibular 
component) glands 
Crematogaster 3-Octanone, Mandibular Excitement Crewe et al. (1970) 
(©) 3-Octanol, glands 
peringueyi 3-Nonanone 
Crematogaster 2-Hexenal Head: Excitement, attraction or repellancy Blum et al. (1969) 
(Atopogyne) probably 
sp. mandibular 
glands 
Dolichoderinae 
Iridomyrmex 2-Heptanone Anal gland Excited running, some attraction Wilson and Pavan (1959); Blum 
pruinosus et al. (1966) 
Conomyrma 6-Methyl-5-hepten- Anal gland Excited running, some attraction McGurk et al. (1968) 
pyramica 2-one 
C. bicolor 6-Methyl-5-hepten- Anal gland Excited running, some attraction McGurk et al. (1968) 
2-one 
Tapinoma 2-Methyl-4- Anal gland Probably alarm; pheromone active Wilson and Pavan (1959) 
nigerrimum heptanone, 2- on T. sessile 
Methylhept-2- 
en-6-one 
Formicinae 
Acanthomyops Undecane, etc. Dufour’s Attraction, excitement Regnier and Wilson (1968) 
claviger (see Fig. 12-2) gland 
Citronellal, etc. Mandibular Attraction, excitement Regnier and Wilson (1968) 
(see Fig. 12-2) gland 
Lasius Undecane, etc. Dufour’s Excitement, some attraction Regnier and Wilson (1969) 
alienus gland 
2,6 Dimethyl-5- Mandibular Excitement, some attraction Regnier and Wilson (1969) 
hepten-1-al gland 
Formica fusca Undecane Dufour’s Excitement, some attraction Maschwitz (1964); Regnier and Wilson 
gland (unpublished) 
BEES 
Apidae 
Apis Isoamyl acetate Lining of Attraction, investigation Charles Butler (1609); Ghent and 
mellifera sting pouch Gary (1962); Boch et al. (1962); 
Maschwitz (1964); Morse et al. 
(1967) 
2-Heptanone Mandibular Alarm; also foraging workers repelled Shearer and Boch (1965); Simpson 
gland in the field (1966); Morse et al. (1967); Colin G. 


Butler (1966a, 1969) 


TABLE 12-3 (continued). 
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Species 


a a eee ee eee 


TERMITES 


Termitidae 
Drepanotermes 
rubriceps 


Nasutitermes 


spp. 


Tumulitermes 
pastinator 


Amitermes 
herbertensis 


A. laurensis 


A. vitiosus 


Substance 


Limonene (83-93%) 


Terpinolene (1-8%) 


a-Pinene (principal 
component) 


B-Pinene (minor 
component) 


Limonene (minor 
component) 


a-Pinene (principal 
component) 


B-Pinene (minor 
component) 


Limonene (minor 
component) 


Terpinolene 
Limonene (principal 
component) 


a-Pinene (minor 
component) 


B-Pinene (minor 
component 


Terpinolene (minor 
component) 


a-Pinene (major 
component) 


Limonene (major 
component) 


B-Pinene (minor 
component) 


Terpinolene (minor 
component) 
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Glandular 
source 


Cephalic 
gland of 
soldiers 

Cephalic 
gland of 
soldiers 


Cephalic 
gland of 
soldiers 

Cephalic 
gland of 
soldiers 

Cephalic 
gland of 
soldiers 

Cephalic 
gland of 
soldiers 

Cephalic 
gland of 
soldiers 

Cephalic 
gland of 
soldiers 

Cephalic 
gland of 
soldiers 

Cephalic 
gland of 
soldiers 

Cephalic 
gland of 
soldiers 

Cephalic 
gland of 
soldiers 

Cephalic 
gland of 
soldiers 

Cephalic 
gland of 
soldiers 

Cephalic 
gland of 
soldiers 

Cephalic 
gland of 
soldiers 

Cephalic 
gland of 
soldiers 


Aggressive frenzy in soldiers 


Probably alarm 


Probably alarm 


Probably alarm 


Probably alarm 


Probably alarm 


Probably alarm 


Probably alarm 


Probably alarm 


Probably alarm 


Probably alarm 


Probably alarm 


Probably alarm 


Probably alarm 


Probably alarm 


Effect 


Moore (1968) 


Moore (1968) 


Moore (1964a, 1968); Ernst (1959) 


Moore (1968) 


Moore (1968) 


Moore (1968) 


Moore (1968) 


Moore (1968) 


Moore (1968) 


Moore (1968) 


Moore (1968) 


Moore (1968) 


Moore (1968) 


Moore (1968) 


Moore (1968) 
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feedback; the detection of an alarm pheromone does not, 
according to present information, induce other workers to 
release more of the same pheromone. Consequently, when 
an alarmed worker enters a nest it serves as a focus of 
disturbance as it runs through the nest interior, but the 
excitement it causes dies down quickly after the worker 
passes. 

Tactile Alarm Signals. The role of tactile stimuli in alarm 
communication is less well understood. In ants it seems 
to play a minor role. Wasmann (1899) interpreted the play 
of antennae on the bodies of sister ants as a codified 
“antennal language,” and some of the tappings were 
interpreted by him to be alarm signals. Nevertheless we 
now believe that most antennation serves to receive infor- 
mation, specifically chemical information such as recog- 
nition odors, rather than to send it. Antennation is used 
as a signal to induce regurgitation in the honeybee and 
some ant, wasp, and termite species, but the behavior 
associated with this form of exchange is very different 
from alarm. Several observers have casually commented 
on the apparent alarming effects of one ant worker shak- 
ing or bumping another, yet these purely mechanical 
stimuli have seldom been isolated from chemical ones. 
One very interesting exception comes from Mary Jane 
West Eberhard’s 1969 study of Polistes. The nests of the 
paper wasps are relatively small and brittle in composi- 
tion, and they usually rest on a single thin pedicel. When 
a resting female is alerted by the sight of a large object 

.moving nearby, she may dart suddenly from one part of 
the nest to the other. If her movement is violent enough, 
it causes an audible vibration throughout the entire nest. 
Either the movement or the sound, or perhaps both, in- 
stantly alerts the remainder of the colony, and the nest 
now bristles with aggressive wasps. Tactile signals, insofar 
as they can be distinguished in this case from substratal 
sound, seem also to be involved in the special parasite- 
alarm behavior, which Eberhard describes as follows. 
“The most intense alarm signal I have observed in 
P. fuscatus is that stimulated by the presence of the ichneu- 
monid parasite Pachysomoides fulvus (Cresson), which lays 
its eggs in cells containing developing Polistes pupae. The 
Pachysomoides female lands near a Polistes nest and sits 
absolutely immobile, initially several inches away. It re- 
mains immobile until those present turn away. It then 
advances suddenly toward the nest, sometimes only a 
fraction of an inch. Unless chased away it alights on the 
nest and thrusts its ovipositor through a cell wall. When 
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a Polistes female detects a Pachysomoides female on or 
near the nest, she darts at it, causing it to fly away, and 
begins hyperaggressively darting and wing-flipping about 
the nest, particularly on the periphery and sometimes even 
off the nest near its edge. This causes a general rise in 
activity and other females begin to dart and flip their 
wings, although with less intensity than the original 
alarmist. I have seen darting and wing-flipping continue 
for as long as ten minutes after the parasite has taken 
flight. In the several times I have observed this behavior, 
I have never seen wing-flipping by many females in 
P. fuscatus without later finding a female Pachysomoides 
nearby. Sometimes I noticed the small ichneumonid’s 
presence only because the nesting wasps had begun their 
aggressive display.” On one occasion a female was seen 
to take up the display upon returning to the nest with a 
load of water after the parasite had been routed. Females 
of Polistes canadensis show the same alarm behavior when 
their nest is approached by a similar parasite, Pachy- 
somoides stupidus. | 

My impression is that, in communication among ants, 
ordinary mechanical stimuli play only a minor role. In 
laboratory colonies of Formica, Pogonomyrmex, and 
Solenopsis, I have often witnessed unalarmed but rapidly 
moving workers bump into other workers hard enough 
to shift their position, but without causing them to react 
even to the extent of walking away. When glass rods were 
inserted into the interior of nests long enough for the 
workers to become habituated to the alien odors on the 
glass surface, and the rods were then used to prod, depress 
and knock the workers about, the responses were very 
mild, never approaching the alarm behavior elicited by 
even minute quantities of pheromone. On the other hand, 
when the rods were first inserted and waved back and 
forth, they induced attack and alarm behavior, a response 
I interpreted as being dependent on the presence of un- 
familiar odors. 

Auditory Alarm Signals. In most of the species belonging 
to the principal subfamilies Myrmeciinae, Ponerinae, and 
Myrmicinae, the workers stridulate, that is, they rub spe- 
cialized parts of the body together to produce a “chirp,” 
a sound which Broughton (1963) has defined as “the 
shortest unitary rhythm-element that can be readily dis- 
tinguished as such by the unaided human ear.” In all ant 
species studied to date the chirps are specifically produced 
by raising and lowering the gaster (the most posterior 
discrete section of the abdomen) in such a way as to cause 
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a dense row of fine ridges located on the middle portion 
of the first segment of the gaster (the fourth abdominal 
tergite) to rub against a scraper situated near the border 
of the preceding segment (Haskins and Enzmann, 1938; 
Helen F. Forrest, 1963). Spangler (1967) has given a 
complete characterization of stridulation in the harvesting 
ant Pogonomyrmex occidentalis. As the gaster is pulled 
down, a relatively weak sound is produced that lasts about 
Ay of a second and generates its principal energy between 
1 and 4 kc per second (1-4 khz). The gaster is then jerked 
back up, producing a second and similar sound, also 
lasting about 44, of a second but overall louder and con- 
taining in addition some higher frequencies (7-9 khz). All 
of the detected frequencies are within the range of human 
hearing, and the result is that the stridulating Pogono- 
myrmex worker, when held close to the ear, seems to 
squeak faintly and more or less continuously. 

The function of stridulation in ants remained a tanta- 
lizing mystery for a long time. Although Wheeler (1910) 
guessed that the sound serves in communication and the 
idea was favored thereafter, subsequent attempts to es- 
tablish correlations between the onset of stridulation and 
responses of nonstridulating workers were invariably 
frustrated. No less acute an observer than Autrum (1936) 
failed to detect a function in the course of detailed exper- 
iments on Myrmica. In my own studies of the fire ant 
Solenopsis saevissima, I observed workers perform what 
appeared to be stridulating movements at odd intervals 
and seemingly quite spontaneously. The action occurred 
more frequently near the brood or during grooming, but 
it never seemed to produce any response in workers 
nearby. A first clue to the function of stridulation in one 
species was produced when Alan D. Grinnell and I (see 
Haskell, 1961) discovered that Pogonomyrmex badius 
workers usually stridulate only when they are confined, 
in particular when they are held by a pair of forceps, 
pressed under some heavy object, or restricted to a small 
space in a container. We hypothesized that the sound 
signal was a call for help sent out by trapped workers, 
but we could offer no supporting evidence. Finally, careful 
experiments by Markl (1965, 1967, 1968b) resolved the 
problem in the cases of Atta cephalotes and Acromyrmex 


octospinosa. The chirp produced by these leaf-cutting ants - 


differs in quality from that of Pogonomyrmex. They are 
much louder (as much as 74 db at 0.5 cm from a soldier 
of A. cephalotes as opposed to less than 25 db in Pogo- 
nomyrmex) and higher pitched, consisting primarily of 
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frequencies between 20 khz and 100 khz, thus ranging 
from near the limit of human hearing to well into the 
ultrasonic range. Like Pogonomyrmex, the leaf-cutting 
ants stridulate whenever they are prevented from moving 
freely. As Adele Fielde and Parker (1904) and Haskins 
and Enzmann (1938) had shown in other ant species, the 
leaf-cutting ants are nearly deaf to airborne vibrations, 
but extremely sensitive to vibrations carried through the 
substratum—sensitive enough, in fact, to detect stridula- 
tion sounds through the soil. Markl found that workers 
move to nestmates pinned to the ground as much as 8 cm 
away, and if the stridulating worker is buried under soil 
in the vicinity of the nest, other workers begin to dig where 
the sound is loudest. Workers buried to a depth of 3 cm 
induced digging, while those buried more deeply, to a 


depth of 5 cm, only attracted workers to the vicinity. It 


can be reasonably inferred that the stridulation serves as 
an underground alarm system, employed most frequently 
when a part of the colony is buried by a cave-in of the 
nest. 

This is not necessarily the whole story in the ants, 
however. It is possible that in other species stridulation 


- occurs in various situations and serves other functions that 


are still unsuspected. In any case, I doubt that sound 
communication will prove to be either elaborate in any 
particular case or connected with the most basic forms of 
communication. For one thing, stridulation has been dis- 
pensed with entirely in many ant groups. For another, the 
sounds produced are not known to contain any mean- 
ingful modulation. Although the sounds differ greatly 
from species to species (Forrest, 1963), they do not appear 
to vary much within species. Spangler (1967) showed that 
the two phases of the Pogonomyrmex occidentalis chirp 
are broken at regular intervals by exceedingly brief pauses 
in the abdominal movement, but the pulses thus created 
do not form any discernible temporal] pattern; nor is it 
even certain that such patterns, if they exist at all, could 
be distinguished in transmission through the ground. An 
essentially similar result was obtained in the analysis by 
Markl (1968b) of sound production in Atta cephalotes. So 
far as we know, stridulation in ants produces a monoto- 
nous series of chirps with limited meaning. 

Our present understanding of sound communication in 
termites is less secure. This is true even though sound 
production is one of the most conspicuous and best- 
studied aspects of termite behavior. Since the time of 
König (1779) and Smeathman (1781), it has been fre- 
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quently recorded that disturbed termites make audible 
sounds by vibrating their heads or abdomens against the 
ground. It is an easy guess that the behavior serves to 
alarm other members of the same colony, and this hy- 
pothesis was duly declared by Smeathman, by Grassi and 
Sandias (1893-1894), and by later authors. 

Recently a thorough analysis of sound production and 
its significance in Zootermopsis angusticollis was per- 
formed by Howse (1964). The agitated soldier of this 
species vibrates the forward part of its body by convul- 
sively rocking its head upward and then down to a normal 
position again, over and over again about 24 times a 
second. With each upward thrust the forelegs are lifted 
off the floor and the head is banged against the ceiling 
of the nest; the overall effect to the human ear is a faint 
rustling sound. Howse confirmed the earlier observations 
of Andrews (1911) and Emerson (1929) who found that 
termites are virtually deaf to airborne sound but extremely 
sensitive to vibrations carried in the substratum. The latter 
signals are picked up by the “subgenual organs,” scolopo- 
phorous sensilla located in the legs. This sensitivity is 
probably responsible for the curious phenomenon, noted 
by Thomas Snyder (in Emerson, 1929), that buildings in 
the southern United States occupied by constantly vibrat- 
ing cotton-processing machinery, as well as railroad ties 
on well-used roads, are immune to termite attack. Howse’s 
belief that the vibrations of the Zootermopsis soldiers are 
communicative in function rests on the following indirect 
argument. Electrophysiological recordings show that the 
subgenual organs are maximally sensitive to sounds rang- 
ing between 1,000 and 1,150 cycles per second, and the 
head rattling produces sounds at about 1,000 cycles per 
second. Artificial sounds pulsed into the substratum at the 
rate of 3-20 per second caused discharges in the af- 
ferent subgenual neurons that died out after 10 to 30 
pulses, while 30 pulses per second caused activity that died 
out after only | to 8 responses. Evidently the subgenual 
organs are at least roughly tuned to the pattern of the 
sound produced by head rattling. 

However, the matter is not quite settled by this evi- 
dence. No one has yet induced alarm behavior by trans- 
mitting a recorded or synthetic version of head rattling 
to a termite colony. More importantly, the response is 
usually associated with major disturbances that are apt 
to disturb the colony as a whole. Stuart (1963b) has dis- 
tinguished between “Specific Alarm,” in which a trail- 
laying termite actually jostles a nestmate by a stereotyped 
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zigzag movement and “General Alarm,” in which most 
of the colony is disturbed by a jolt to the nest, a sudden 
increase in illumination, or a sudden air movement. Gen- 
eral alarm, the same phenomenon studied by Howse and 
earlier authors, is marked by excited running, thigmotaxis 
(a tendency to press against nearby objects), movement 
downward and away from light, and head banging. Under 
these circumstances it is possible that head banging is a 
defensive maneuver designed to frighten off intruders in 
the same way that many araneid spiders violently shake 
their webs and buprestid beetles and mutillid wasps strid- 
ulate. 

Nevertheless, I am personally inclined to believe that 
head banging must serve as an alarm signal, at least in 
part. It must happen often in nature that a portion of a 
colony can enter a state of general alarm before the entire 
colony is alerted. This is most likely to happen when a 
small breach is made in the nest wall. Howse (1966) found 
that Zootermopsis workers are extremely sensitive to air 
movement; they begin to show avoidance when air cur- 
rents strike their antennae with a velocity of only about 
a thousandth of the air flow typical for a closed room. 
When one end of a Zootermopsis nest is penetrated by 
an intruder such as a small mammal or burrowing insect, 
it is likely that the resulting air movements alone would 
generate a local state of general alarm which, in turn, 
would be communicated by head rattling through the 
remainder of the nest. As in the case of ants, however, 
this appears to be the upper limit of information content 
in sound communication. Not only is the original sound 
signal crude and repetitious in the extreme, but the pattern 
of subgenual organ response recorded by Howse (1964) 
allows for very little signal modulation at the sensory level. 


Attraction and Assembly 


Clustering behavior is universal in the social insects. 
When workers are removed from their nest and placed 
in a bare container, most quickly aggregate in one or 
several little groups. If the mother queen or some larvae 
are with them, the grouping will occur more quickly and 
be tighter in the end. In a series of experiments with 
the primitive termite Kalotermes flavicollis, Verron (1963) 
investigated the phenomenon of simple attraction and 
clustering in detail. He used the simple device of lining 
up six cylindrical containers in a row and placing a closed 
walkway over their tops. The termites whose attractiveness 
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he wished to test were placed in the bottom of one of the 
tubes, and termites whose responsiveness was to be tested 
were released singly on the walkway. The latter individ- 
uals were allowed to move up and down the walkway 
testing the air from each of the six containers through a 
porous partition. Finally, their positions were recorded at 
set intervals. By definition, termites lingered longest over 
the most attractive tubes. Verron found that the larvae 
and nymphs are most responsive to odors of nestmates 
and that the larvae also produce the most attractive scent. 
Secondary reproductives react strongly to larvae and 
nymphs, but are themselves not very attractive. Soldiers 
are the least attractive and responsive of all. Much, per- 
haps all, of the volatile attractant is produced in the hind 
gut. When Verron destroyed the protozoan intestinal 
faunas of termites so they no longer could digest wood, 
or fed them pure cellulose, they lost their attractiveness. 
It seems to follow that some component of natural wood 
other than cellulose is the source of the attractant, and 
the component has to be metabolized to produce the 
attractant. The active pheromone was identified as the cis 
form of 3-hexen-l-ol. It is still uncertain whether the 
hexenol is produced directly from digestion of wood or 
is manufactured by a more circuitous route in exocrine 
glands associated with the hind gut; the latter alternative 
seems much more likely. 

An even more elementary situation appears to exist in 
the fire ants of the genus Solenopsis. When away from 
the nest and in close quarters, workers tend to move up 
CO, gradients and thus in the direction of the largest 
nearby clusters of ants, and they attempt to dig through 
barriers placed in their way (Wilson, 1962a; Hangartner, 
1969a). Carbon dioxide has thereby been implicated as 
the simplest pheromone used in any known animal com- 
munication system. It is likely that the CO, gradients are 
used in the orientation of ants in the immediate vicinity 
of nests. High concentrations of the order used in our 
experiments have been reported in ant nests (Portier and 
Duval, 1929; Raffy, 1929). The ability to detect CO, and 
CO, concentration differences has also been reported in 
the honeybee (Lacher, 1967), but we do not know whether 
this strange capacity is used in orientation, in monitoring 
air quality, or in some other, unsuspected function. 

It is, of course, probable that other pheromones are 
involved in the clustering phenomenon in termites and 
ants. I would like to speculate that there exist substances 
of moderate or high molecular weight and low volatility 
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that are located in the epicuticle and generate a very 
shallow active space so that they come into play only when 
two nestmates are in direct physical contact. At the mo- 
ment we know almost nothing about these “surface phero- 
mones” or even the volatile attractants of most other social 
insects. 

Somewhat more complex forms of pheromone- 
mediated attraction and assembly has been demonstrated 
in the honeybee. In a pioneering study on chemical com- 
munication, Sladen (1901, 1902) found that workers near 
the hive entrance often elevate their abdomens, expose 
their Nasanov glands (sometimes written as Nassanoff 
glands), and fan their wings. He noted that a strong scent 
is produced by the Nasanov glands and postulated that 
it serves as an attractant to other workers. Later, von 
Frisch and Résch (1926) discovered that workers expose 
their glands at newly discovered food sources and are able 
to attract other workers over considerable distances. The 
scent has been subsequently identified as a mixture of 
geraniol, nerolic acid, geranic acid, and citral (Boch and 
Shearer, 1962, 1964; Weaver et al., 1964). Citral constitutes 
only three percent of the total volume of the fresh secre- 
tion, but it is by far the most potent in attractive power 
(Weaver et al., 1964; Butler and Calam, 1969). For many 
years it was thought that the Nasanov gland secretion is 
colony-specific, but Renner (1960) provided detailed evi- 
dence from behavioral experiments to indicate that it is 
not. This conclusion has since been backed up by the 
chemical studies just cited. Renner was also able to clear 
up the question of why workers sometimes release the 
pheromones even though they do not have a food site to 
report. He found that the bees display this behavior 
whenever they have lost customary contact with their 
companions for a long period of time. It has also been 
demonstrated (Velthuis and van Es, 1964) that swarming 
bees release the pheromone when they first encounter the 
queen, thus attracting other workers to the vicinity. The 
Nasanov substances are therefore true assembly phero- 
mones. Evidently the discovery of new food lowers the 
threshold of the response and thus turns the pheromones 
secondarily into recruitment signals. 

A second, more pervasive assembly scent is found in 
the hive odor. The existence of an attractant that assists 
honeybees in finding their hives was suggested by Rib- 
bands and Speirs (1953) and Lecomte (1956) and demon- 
strated experimentally by Butler, Fletcher, and Watler 
(1969). The odor appears not to be specific to colonies and 
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may be identical with the “footprint substance” which is 
laid down continuously around the nest and food sites by 
the worker bee. The latter pheromone is sometimes paid 
out in the form of a trail around the hive and serves as 
a rudimentary guide to honeybees seeking the nest en- 
trance (Butler, 1966b). A similar footprint substance oc- 
curs in the wasp Vespula vulgaris, but it has not yet been 
shown to be laid in trails (Butler et al., 1969). Soil from 
around the nest entrance is highly attractive to workers 
of the harvesting ant Pogonomyrmex badius. Members of 
each colony are able to recognize their own nest material 
(Hangartner, Reichson, and Wilson, 1970). Bert Hölldob- 
ler and I have also found that the odor from around 
P. badius workers is attractive to other workers of the 
same species, even when separated from the nest. The at- 
tractant is specific at least at the species level. It is possi- 
ble, but as yet unproven, that this substance comprises 
part of the nest odor. 

By far the most dramatic form of assembly is exercised 
by the mother queens of colonies. Except in the most 
primitively social species, any well-nourished, fertilized 
queen continually attracts a retinue of workers who tend 
to press close in with their heads facing her. The attend- 
ants also lick the surface of the queen’s body and offer 
her food, most often in regurgitated form. The effect is 
most pronounced—often to a dramatic extent—in “physo- 
gastric” individuals, that is, queens with the abdomen 
distended with hypertrophied ovaries and fat bodies. Nest 
queens of army ants and fire ants are completely covered 
and hidden from view by tightly packed masses of 
workers, which number into the tens or hundreds. It is 
least marked where the colonies are small or where there 
are multiple laying queens. Stumper (1956) showed that 
it is possible to extract scent in ether from single queens 
of Lasius niger and transfer it to dummies constructed 
from pith. Workers then treat the dummies very much like 
the original queen. I have repeated Stumper’s experiment 
and obtained the same result in the myrmicine Aphaeno- 
gaster rudis. Watkins and Cole (1966) found that when 
queens of army ants (Labidus, Neivamyrmex) are allowed 
to do no more than sit on untreated balsa strips, enough 
scent is transferred to make the strips attractive to workers. 
Given a choice, the workers prefer the residue from 
their own queen over that from other colonies belonging 
to the same species. 
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The same phenomenon in honeybees has been analyzed 
at length by Barbier er al. (1960), Gary (1961), Morse 
(1963), Velthuis and van Es (1964), and most especially 
by Pain (1961a,b) and Butler and his collaborators (Butler 
et al., 1961; Simpson, 1963; Butler et al., 1964; Butler and 
Simpson, 1965, 1967; and contained references). There 
exist at least two pheromones that attract worker bees to 
the queen. One is the “queen substance,” trans-9-keto-2- 
decenoic acid, a remarkable substance produced in the 
mandibular glands whose multiple functions in the life 
of the colony will be dealt with more extensively in Chap- 
ter 15. The second is a fat-soluble substance of unknown 
identity produced by Koschevnikov’s gland, a tiny cluster 
of cells located in the sting chamber and whose principal 
duct opens between the overlapping spiracle and quadrate 
plates. These two pheromones are responsible at least in 
part for the formation of the retinue that surrounds the 
queen at all times. When the colony divides by the process 
of swarming, the attractive power of the 9-ketodecenoic 
acid comes to play a new role. Workers are drawn to the 
queen in midair by flying upwind when they smell the 
pheromone. As the queen flies to the swarm site, and later 
to the new nest (in both cases guided by scout bees), the 
bulk of the worker force follows along in the wake of her 
evaporating 9-ketodecenoic acid. Once a new destination 
is reached, however, this substance is not adequate to 
settle the flying workers. Now a second mandibular gland 
pheromone produced by the queen, trans-9-hydroxy-2- 
decenoic acid, comes into play. Workers can smell this 
substance only over a short distance. Those that do smell 
it begin to call in other workers by dispersing their own 
Nasanov gland scent, and, in a short time, the entire 
colony forms a quiet, stable cluster. There may be still 
more to the story. The substituted acids are but 2 of at 
least 32 components present in the mandibular glands of 
the queen. Other substances identified include methyl-9- 
ketodecanoate, nononoic acid, and a variety of other esters 
and acids (Callow et al., 1964). The possibility that these 
and other as yet unidentified secretions manufactured by 
other glands in the queen’s body (Renner and Margot 
Baumann, 1964) have some communicative function re- 


mains largely unexplored. 
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Recruitment can be defined as communication that 
brings nestmates to some point in space where work is 
required. The social insects have evolved a multitude of 
ingenious devices to assemble workers for joint efforts in 
food retrieval, nest construction, nest defense, and migra- 
tion. The category of recruitment is thus a very loose one, 
and it cannot be clearly separated from the more elemen- 
tary systems of alarm and assembly. In the lower termites, 
nest repair and alarm recruitment by trail laying comprise 
elements of a complex behavioral pattern under the con- 
trol of a single pheromone. 


Visual Communication 


The large-eyed ants have excellent form vision and are 
especially keen at detecting moving objects (Jander, 1957; 
Ayre, 1963; Voss, 1967). Workers generally do not respond 
to prey insects that are standing still, but run toward them 
as soon as they begin to move. Stäger (1931) noticed that, 
when lone workers of Formica lugubris foraging in a field 
encounter an insect, they dash in erratic circles around 
it and thereby attract other workers exploring in the close 
vicinity. This communication is evidently mediated by 
vision alone. Stäger labeled the phenomenon “kinopsis.” 
Later Sturdza (1942) proved with laboratory experiments 
that the sight of a running Formica nigricans worker alone 
is enough to set another worker running. The question 
needs to be raised whether the excited, broken running 
pattern that is set off in ants who have just discovered 
prey is a “ritualized” variant of locomotory running 
evolved specifically to function as a visual signal. The 
possibility is intriguing, but no real evidence has yet been 
adduced in favor of it. During my own studies of Daceton 


armigerum (Wilson, 1962b), a large-eyed predatory ant 


found in the canopy of South American rain forests, 


Stager’s effect was observed repeatedly. It often led to the 
quicker trapping and killing of insect prey, but this result 
appeared to be incidental to the increased movement 
necessitated by the chase rather than a signal directed at 
other workers. Nevertheless, there is little doubt that at 
least the response of the other workers is adaptive and 
that the interaction is a true, albeit elementary, form of 
visual communication. 


Simple Forms of Chemical Recruitment 


When individual workers of Pogonomyrmex badius 
attack large, active insect prey in the vicinity of the nest, 
they discharge the alarm pheromone 4-methyl-3-hepte- 
none from their mandibular glands. This substance both 
attracts and excites other workers within distances of 
10 cm or so (just as it does in the presence of dangerous 
stimuli), with the result that the prey is more quickly 
subdued. Thus, in P. badius, and probably other pre- 
daceous ant species that employ alarm pheromones, re- 
cruitment is a felicitous by-product of alarm communi- 
cation. A parallel relation between two quite different 
behavioral functions exists in the social life of the honey- 
bee, where the Nasanov gland pheromones are used in 
some instances to assemble workers that have become lost 
while foraging and participating in colony swarming and 
in other instances to recruit nestmates to newly discovered 
pollen and nectar sources (Renner, 1960; Butler and 
Simpson, 1967). 

There is some evidence to suggest that social insects 
leave chemical “signposts” around food discoveries al- 
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though few studies have been conducted to characterize 
the phenomenon. Glass feeding dishes that have been 
visited by worker honeybees are preferred by newcomer 
bees over unvisited dishes, even when each container 
holds identical food (Chauvin, 1960b). The substance can 
be extracted and is said to come from Arnhardt’s glands 
in the tarsi. The same substance may be responsible for 
the odor trails sometimes laid by walking honeybees in 
the vicinity of the hive, as described by Lecomte (1956) 
and Butler er al. (1969). 

The odor of food brought to the nests can also influence 
the behavior of nestmates and therefore serve in a primi- 
tive form of recruitment communication. Honeybee 
workers recognize the odor of food sources both from the 
smells adhering to the bodies of successful foragers and 
the scent of the nectar regurgitated to them. If they have 
had experience in the field with flowers or honeydew 
bearing the same odor, they will then revisit the site 
searching for food. This response can be induced in the 
absence of waggle dancing or other forms of communi- 
cation. Russian apiarists have used the principle to guide 
bees to crop plants they wish pollinated. To take a typical 
example, the colonies are trained to red clover by being 
fed with sugar water in which clover blossoms have been 
soaked for several hours. After this exposure, the foraging 
workers search preferentially for red clover in the vicinity 
of the hive. The same method has been used to increase 
pollination rates of vetch, alfalfa, sunflowers, and fruit 
trees (von Frisch, 1967a). Free (1969) has recently been 
able to demonstrate that the odor of food stores has a 
similar effect on bumblebees. 


Tandem Running 


The next step up the ladder of sophistication in chemi- 
cal recruitment techniques is tandem running (Wilson, 
1959b). When a worker of the little African myrmicine 
ant Cardiocondyla venustula finds a food particle too large 
to carry, it returns to the nest and contacts another worker, 
which it leads from the nest. The interaction follows a 
stereotyped sequence. First the leader remains perfectly 
still until touched on the abdomen by the follower ant. 
Then it runs for a distance of approximately 3 to 10 mm, 
or about one to several times its own body length, coming 
again to a complete halt. The follower ant, now in an 
excited state apparently due to a secretion released by the 
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leader, runs swiftly behind, makes fresh contact, and 
“drives” the leader forward. Other workers approaching 
the leader become similarly excited, even if the latter is 
completely immobile at the time. After each contact and 
subsequent forward drive of the leader, the follower may 
press immediately behind and move it again. More com- 
monly, it circles widely about in a hurried movement that 
lasts for several seconds and may take it as far as a centi- 
meter from the path set by the leader. In a short time, 
however, the circling brings the follower once again into 
contact with the leader. In the great majority of cases, 
tandem running in C. venustula involves only two workers. 
Occasionally a third worker crowds in closely behind the 
leader, but it does not continue following for more than 
a few centimeters. The leader evidently does not depend 
on an odor for its initial guidance. Rather, the straight 
courses it takes over rough terrain suggest that it is orient- 
ing visually. Although tandem running is apparently con- 
cerned mostly or entirely with the communication of food 
finds, it is employed by only a fraction of the workers 
engaged in successful foraging. Less than 10 percent of 
the C. venustula I observed running from the nest to food 
masses were coupled in tandem pairs. This is in contrast 
to the high degree of participation shown by a typical 
trail-laying ant species such as Solenopsis saevissima, in 
which more than 90 percent of the workers returning from 
rich food sources contribute material to a common odor 
trail. 

Tandem running was first described by Hingston (1929) 
in the Indian formicine ant Camponotus sericeus, and I 
have recorded it in other species of Camponotus in Aus- 
tralia and South America, as well as in a second species 
of Cardiocondyla (C. emeryi). Recently Dobrzanski (1966) 
has discovered the same behavioral pattern in Leptothorax 
acervorum in Poland, but serving a wholly different and 
unexpected function. Foraging workers of this small spe- 
cies, which superficially resemble Cardiocondyla and like 
them form small colonies, apparently never use tandem 
running in the communication of food finds. The true 
function was discovered by accident when, in the course 
of experiments on territorial behavior, Dobrzański picked 
up sticks containing colonies and placed them in new 
environments. Under this circumstance, tandem running 
was observed repeatedly, and it became apparent that this 
form of communication is used in the exploration of new 
environments. The pioneer foragers tend to go out in pairs, 
rather like swimmers venturing forth in what Americans 
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refer to as the “buddy system.” Perhaps, as in the buddy 
system, tandem running serves to increase safety in the 
face of unknown dangers. 


Odor Trails in Ants 


The most elaborate of all the known forms of chemical 
communication is the odor trail system. Trail communi- 
cation has evidently evolved, at least in some groups of 
ants, from tandem running. Hingston (1929) found what 
appear to be excellent intermediate stages between the two 
forms of communication in the Indian species Camponotus 
paria and C. compressus. In paria, the leader ant does not 
halt and wait to be touched, while the follower often drops 
behind 5 or 10 cm and seems to orient along a short-lived 
odor trail. The behavior of compressus resembles that of 
paria except that as many as 10 or 20 workers follow single 
file behind the leader. These intermediate stages are not 
at all rare in ants. I have observed compressus-like files 
in an unidentified South American Camponotus as well 
as in C. beebei from Trinidad (Wilson, 1965b). Wesson 
(1939, 1940b) observed approximately the same kind of 
behavior in the slave raids of the myrmicine slave-making 
ants Harpagoxenus americanus and Leptothorax duloticus. 
Here is his account of the organization of a raid on the 
nest of a Leptothorax curvispinosus colony by a group of 
H. americanus workers accompanied by L. curvispinosus 
slaves. The action began when a successful H. americanus 
scout returned to her nest: 


Inside the nest she quickly combed her antennae, then ran 
excitedly about, causing considerable excitement among both 
the americanus and their slaves. [After three minutes] she 
emerged from the nest followed by a compact file of eight 
americanus and five curvispinosus. The gait of the leader was 
peculiar. She ran with a rather slow, sprawling, stiff-legged 
movement, running forward a few steps, then waiting until a 
following worker touched her on the gaster before moving a 
few steps farther. By gently touching her gaster with a hair it 
was possible to cause her to move as though touched by another 
ant. In her progress, she kept her gaster deflected stiffly down- 
ward, in all probability laying a scent trail from it. This was 
demonstrated by the fact that following workers followed pre- 
cisely the path taken by the leader even when that path was 
very irregular. On several occasions workers were observed 
following her exact path when separated from her by several 
inches. The file moved rather slowly due to the uncertainty and 
slowness with which the leader moved, arriving at the curvi- 
spinosus nest about four minutes after starting. The curvi- 
spinosus slaves tended to drop back and become lost as the file 
proceeded until there remained only two. 
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It would seem to be only a short step in evolution from 
trail-guided processions such as these, where the followers 
must stay close behind the leader, to typical trail follow- 
ing, where followers are guided by odor alone over long 
distances in the absence of the trail layer. Trail following 
in ants has long fascinated biologists. In 1779 Charles 
Bonnet presented the first crude experimental evidence 
that the trail is composed of an odorant chemical. When 
he drew his finger across the trail of a small ant species, 
the workers were thrown into disorder and were unable 
to proceed for some time. Of course, the flaw in Bonnet’s 
experiment was the inadvertent addition of an odor of 
his own from his finger tip. He could not really be sure 
that the effect observed was due to removal of a trail 
substance instead of the addition of an alien substance. 
But subsequent experiments by many authors have shown 
that disorientation follows the removal of sections of trails 
by methods free of odor contamination. The best tech- 
nique is the direct substitution of fresh sections of the 
substratum after the trails are laid. 

In 1959 I showed that it is possible to induce the com- 
plete recruitment process in the fire ant Solenopsis saevis- 
sima with artificial trails made from extracts or smears of 
single glands containing the trail substance. This tech- 
nique has since made it possible to pinpoint the glandular 
source of trail pheromones in various social insect species 
and also to devise reliable bioassays for use in chemical 
studies of the trail substances. Subsequently I undertook 
a detailed analysis of trail communication in Solenopsis 
saevissima (Wilson, 1962a). When fire ant workers leave 
the nest in search of food, they may follow odor trails for 
a short while, but they eventually separate from each other 
and begin to explore singly. When alone they orient visu- 
ally, a fact that was established in the following way. 
Single workers were permitted to explore a foraging table 
in the laboratory for distances up to a meter from the nest. 
The only source of illumination was a lamp beamed from 
one side of the table. The workers were first allowed to 
discover a drop of sugar water. When they had fed and 
started home, laying an odor trail behind them, the light 
was switched off, and a second light located on the oppo- 
site side of the table was simultaneously switched on. After 
the direction of the light source had thus been changed 
by 180°, the ants almost invariably performed a complete 
about-face. By repeatedly switching the light source from 
one side to another, individual workers could be marched 
back and forth like puppets and finally brought home at 
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the discretion of the investigator. When both lights were 
turned off and the ants observed by red light (invisible 
to them), they became disoriented. Later, Marak and 
Wolken (1965) employed monochromatic lights in the 
same switching technique to measure color vision in fire 
ants (see Chapter 11). 

As a fire ant worker heads home after discovering a food 
source, it walks at a slower, more deliberate pace. Its entire 
body is held closer to the ground. At frequent intervals 
the sting is extruded, and its tip drawn lightly over the 
ground surface, much as a pen is used to ink a thin line 
(Figures 13-1,2). As the sting touches the surface, a 
pheromone flows down from the Dufour’s gland. This 
substance, which has been isolated in pure form by Walsh 
et al. (1965) but not yet chemically identified, is dispensed 
in exceedingly minute quantities. Each worker contains 
only a small fraction of a nanogram (billionth of a gram) 
at any given moment. When B. P. Moore and I used odor 
traps to collect the pheromone from entire colonies mi- 
grating along strong odor trails from one nest to another, 
we were able to recover no more than a single nanogram 
per hour. It follows that the pheromone must be a very 
potent attractant. Artificial trails made from a single 
Dufour’s gland induce following by dozens of individuals 
over a meter or more. When the concentrated pheromone 
is allowed to diffuse from a glass rod held in the air near 
the nest, workers mass beneath it, and they can be led 
along by the vapor alone if the rod is moved slowly away. 
When I presented large quantities of the substance at the 
entrance of artificial nests, I was able to draw out most 
of the inhabitants, including both workers carrying larvae 
and pupae and, on a single occasion, the mother queen. 

While laying a trail, the worker sometimes loops back 
in the direction of the food find, but only for short dis- 
tances, before turning nestward again. If another worker 
is contacted, the homebound worker turns toward it. It 
may do no more than rush against the encountered worker 
before moving on again, but sometimes the reaction is 
stronger: it climbs partly on top of the worker and, in some 
instances, shakes its body lightly but vigorously in a verti- 
cal plane. The vibrating movement, which is unique to 
these encounters, has also been described in Monomorium 
and Tapinoma by Szlep and Jacobi (1967). These authors 
believe that the movement by itself conveys a message. 
In Solenopsis, however, the vertical shaking does not 
appear to impart any essential information about the food 
find because contacted workers do not seem to exhibit 
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trail-following behavior different from those not con- 
tacted. Moreover, the pheromone is by itself sufficient to 
induce immediate and full trail-following behavior when 
laid down in artificial trails. 

Most workers encountering a freshly laid trail respond 
at once by following it outward from the nest. They are 
able to detect it by smelling the vapor over distances as 
great as a centimeter. The workers do not follow a liquid 
odor trace on the ground. Instead, they move through the 
vapor created by diffusion of the pheromone into the air. 
There is a space, which theoretical calculations show to 
be semiellipsoidal in shape, within which the pheromone 
is detected by the ants (Figure 13-2). As follower workers 
travel through this “vapor tunnel,” they sweep their 
antennae from side to side, evidently testing the air for 
odorant molecules. In fact, they are able not only to detect 
these molecules in the gaseous state but also to move up 
gradients of molecular concentration, a process of orien- 
tation referred to as osmotropotaxis (Martin, 1964). When 
fire ants are presented with trail substance evaporating 
in still air from the tip of a glass rod, they run directly 
to the glass rod. The sensory mechanism enabling fire ants 
to orient in this fashion is still unknown. However, in a 
set of ingenious experiments, summarized in Figure 13-3, 
Hangartner (1967) was able to demonstrate the basis of 
osmotropotaxis in another trail-following ant species, 
Lasius fuliginosus. The method of following odor trails 
disclosed by these experiments makes it very unlikely that 
directional signals can be built into the trails. In other 
words, the odor streaks may or may not be tapered or 
shaped in some other way so as to point the way home—as 
discovered for example in Myrmica ruginodis trails by 
Macgregor (1948)—but it would be difficult for the fol- 
lower ant to “read” this information. Additional experi- 
ments performed on Lasius, Acanthomyops, and Solenopsis 
have indicated in fact that no such information is trans- 
mitted (Carthy, 1951b; Wilson, 1962a). These findings 
refute the early hypothesis of Bethe (1898) that trails are 
effectively polarized, as well as the conjecture of Piéron 
(1904) that ants find their way back and forth by a special 
kinesthetic sense. 

Our present knowledge makes it desirable to reassess 
the value of Auguste Forel’s mysterious theory of the 
“topochemical sense.” Although this notion is frequently 
mentioned in the literature, especially in connection with 
odor trails, there is general confusion over what it really 
means. Forel seems to have been talking about the per- 
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FIGURE 13-1. Workers of the fire ant Solenopsis geminata: (left) laying odor trails from their extruded stings; (right) tracks made by 
the sting, by the hairs at the tip of the abdomen, and, along the side, by the feet of the trail-laying ants. The latter figures are the nega- 
tives of tracks made by ants allowed to walk over pieces of smoked glass (from Hangartner, 1969b). 
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FIGURE 13-2. The form of the odor trail of Solenopsis 
saevissima laid on glass. As the trail substance diffuses from its 
line of application on the surface, it forms a semiellipsoidal 
active space within which the pheromone is at or above thresh- 
old concentration. This space, and therefore the entire signal, 
fades after about a hundred seconds. The times shown here are 
given from the moment a worker reaches the nest after laying a 
trail in a straight or slightly wavering line from a food source 
20 cm away. The trail is shown in this model as continuous. In 
nature it is irregularly segmental, but the dimensions and fade- 
out times remain nearly the same. At the top is an enlarged 
view of a worker laying a trail from right to left (from Wilson, 
1962a, and Wilson and Bossert, 1963). 


ception of form and the spatial relation of discrete objects 
by means of smell, but his pronouncements on the subject 
were discouragingly obscure. Here 1s the clearest I have 
encountered: “By topochemical I mean a sense of smell 
which informs the ant as to the topography of the places 
surrounding it by means of chemical emanations, which 
give an odor to objects” (Forel, 1928:T, 116). The sense 
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FIGURE 13-3. Hangartner’s demonstration that worker ants 
(Lasius fuliginosus) orient along odor trails by detecting vary- 
ing concentrations of the trail pheromone in vapor form. The 
straight line represents (in idealized form) the point of appli- 
cation of the pheromone onto the ground. (a) As a worker fol- 
lows the trail, it tends to move out of the active vapor space, 
first to one side and then to the other. As one antenna, contain- 
ing the odor receptors, leaves the active space the ant swings 
back in the opposite direction. Consequently, it moves in a 
weaving pattern. (b) When the left antenna is amputated, the 
ant repeatedly overcorrects on the right side. (c) When the 
antennae are crossed and glued in this position, the ant is 
disoriented and recovers the active space only with difficulty. 
Nevertheless it is still able to move along in one direction, 
presumably with the aid of light-compass orientation (from 
Hangartner, 1967). 


was said to be located in the terminal segments of the 
antennae. The perception of the spatial relation of objects 
implies an integration of sensory input in the central 
nervous system considerably more complex even than the 
following of an odor trail by osmotropotaxis. This has 
been well documented in the case of visual input (Jander, 
1957) but not yet in the case of olfactory input. 
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À more important finding from the work on Solenopsis 
saevissima involves the way in which mass communication 
is achieved. By mass communication I mean information 
that can be transmitted only from one group of individuals 
to another group of individuals. In the case of S. saevis- 
sima, the number of workers leaving the nest is controlled 
by the amount of trail substance being emitted by foragers 
already in the field. Tests involving the use of enriched 
trail pheromone showed that the number of individuals 
drawn outside the nest is a linear function of the amount 
of the substance presented to the colony as a whole. Under 
natural conditions this quantitative relation results in the 
adjustment of the outflow of workers to the level needed 
at the food source. An equilibration is then achieved in 
the following manner. The initial buildup of workers at 
a newly discovered food source is exponential, and it 
decelerates toward a limit as workers become crowded on 
the food mass because workers unable to reach the mass 
turn back without laying trails and because trail deposits 
made by single workers evaporate within a few minutes. 
As a result, the number of workers at food masses tends 
to stabilize at a level which is a linear function of the area 
of the food mass. Sometimes, for example when the food 
find is of poor quality or far away or when the colony 
is already well fed, the workers do not cover it entirely, 
but equilibrate at a lower density. This mass communi- 
cation of quality is achieved by means of an “electorate” 
response, in which individuals choose whether to lay trails 
after inspecting the food find. If they do lay trails, they 
adjust the quantity of pheromone according to circum- 
stances (Hangartner, 1969b). The more desirable the food 
find, the higher the percentage of positive responses, 
the greater the trail-laying effort by individuals, the more 
the trail pheromone presented to the colony, and, hence, 
the more the newcomer ants that emerge from the nest. 

Thus, the trail pheromone, through the mass effect, 
provides a control that is more complex than might have 
been assumed from knowledge of the relatively elemen- 
tary individual response alone. This complexity is in- 
creased still further by the fact that the pheromone as- 
sumes different meanings in at least two different contexts. 
When colonies move from one nest site to another, a 
common event in the life of fire ants as well as many other 
kinds of ants, the new site is chosen by scout workers 
which then lay odor trails back to the old nest. Other 
workers are drawn out by the pheromone. They investi- 
gate the new site and, if satisfied, add their own phero- 
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mone to the trail. In this fashion the number of workers 
traveling back and forth builds up exponentially. In time 
the brood is transferred, the queen walks over, and the 
emigration is completed. The pheromone also functions 
as an auxiliary signal in alarm communication. When a 
worker is seriously disturbed, it releases some of the trail 
substance simultaneously with alarm substance from the 
head, so that nearby workers are not only alarmed but 
also attracted to the threatened nestmate. 

In the course of these same studies (Wilson, 1962a) I 
adapted a mathematical technique, first outlined by 
Haldane and Helen Spurway (1954), to measure the 
amount of information transmitted by the fire ant odor 
trail and to compare it with the amount transmitted by 
the waggle dance of the honeybee. The method is 
straightforward. Workers were allowed to lay odor trails 
away from a food find (a drop of sugar water), and the 
starting point of the trail was marked in order to measure 
its distance from the food find—hence, the initial error 
committed by the trail-laying ant. Similarly, the paths 
taken by the outward-bound follower ants and the dis- 
tances of their nearest approaches on the trail to the food 
find were each recorded. A typical set of data of the second 
category is shown in Figure 13-4, and the procedure used 
to analyze them appears in the caption. The desired unit 
in such an information study is of course the bit, defined 
as the amount of information needed to make a choice 
between two equiprobable alternatives. If n alternatives 
are present, a choice provides the following quantity of 
information: 


H = logn. 


Thus, in a most elementary communication system, the 
sending of one of n equiprobable messages reduces logon 
amount of uncertainty. By definition, it provides that 
much information. 

Suppose we were communicating information about 
direction, and our system permitted us to transmit with 
perfect accuracy any one of 16 directions. Then the mes- 
sage “go north by northwest,” one of the 16 equiprobable 
messages, conveys log,16 = 4 bits of information. Human 
beings intuitively think of information in such language 
and numbers, and it would be desirable if we could trans- 
late the efficiency of an animal communication system into 
bits and thence back into easily comprehended analogues 
such as compasses. This can be accomplished for the odor 
trail of the fire ant, and perhaps also for the waggle dance 
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FIGURE 13-4. Points are shown at which different fire ant workers turned back on the odor trail or lost the odor trail in their nearest 
approach to a food find. The food find was located at the origin of the axes and was removed before trail following began in order to 
eliminate clues that did not come from the odor trail itself. The error made by each ant was measured in two dimensions, that is, the 
distance of its turn-back point from each of the two axes. Estimates were then made of the mean position of all the turn-back points, 
shown here as the small open circle, and the standard deviations of the errors in two dimensions, given here as the long and short axes 
respectively of the small ellipse. These are the measurements needed to estimate the quantity of information transferred by the odor 
trail (from Wilson, 1962a). 
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of the honeybee, by utilizing our measurements of error. 
Shannon (in Shannon and Weaver, 1949) has shown that 
in the special case of a one-dimensional Gaussian distri- 
bution, where the standard deviation is o, 


H = log, V 27e o 


Haldane and Spurway applied the latter formula to the 
angular scattering of newcomer bees around target baits 
following waggle dances, the dispersion of which was 
considered to be Gaussian. In the absence of any message 
at all, 


H, = log,360° 


where H, is the number of bits required to reduce the 
uncertainty to an interval of one degree. If H, is the 
uncertainty remaining after the message is received by the 
newcomer bees, then H, — H, is the amount of informa- 
tion transmitted. Hence, 


H, = H, — H, = 108,360° — H, 


If it is assumed that the dispersion has a one-dimensional 
Gaussian distribution, then 


H, = log,360° — log, V2re0, 


as re — 20471 
on 108,0 2 : 


Wilson (1962a) adapted the method to distance commu- 
nication as well and used it to make estimates from the 
fire ant data and the data of von Frisch and Jander (1957) 
on honeybees. The essential results are shown in Figures 
13-5 and 13-6. Notice that the two systems transmit 
roughly comparable amounts of information with refer- 
ence to both direction and distance. The amount of direc- 
tional information in the ant odor trail, however, increases 
with the length of the trail. This is because the width of 
the active space remains constant, and the follower ants 
stay about as close to the true path of the trail layer all 
along the length of the trail. Consequently the angular 
deviation away from the true path, with reference to the 
nest, decreases as the trail lengthens away from the nest. 
Thus the directional errors committed by the followers 
decrease, and the amount of directional information in 
the trail itself increases as the trail lengthens. 

The estimates of distance information in the waggle 
dance contain a relatively small error resulting from a mis- 
take in the original von Frisch-Jander statistics. R. Boch 
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FIGURE 13-5. Source entropy (initial error in the signal), in- 
formation transmitted, and information transmission rates of 
fire ant odor trails with reference to direction of the target. The 
curves are extrapolated from data of the kind presented in 
Figure 13-4. 


(personal communication) has pointed out that, with 
the exception of one experiment conducted in 1949, von 
Frisch and his associates always captured the bees landing 
on the target dishes without counting them. In most cases, 
therefore, the performances of the “errorless” bees were 
not entered into the calculations of the standard devia- 
tions, and my 1962 estimates of H are too low. A reasona- 
ble adjustment can be made. From the 1949 data, together 
with comparisons made with the proportion of erring 
versus nonerring bees in direction experiments, it seems 
very unlikely that the errorless bees were more than three 
times as numerous as the bees in error. A likely upper 
limit for transmitted distance information is therefore 
2.3-4.3 bits, with 3 bits (instead of 2 bits as shown) being 
a “typical” intermediate value. Only new data can estab- 
lish the true value with any confidence. 

There is at present no way to assess the contribution 
of pheromones to the transmitted information in the 
honeybee. But at least it can be said that the information 
combined from the waggle dance and odor is comparable 
to that transmitted by the fire ant odor trail. It is useful 
to ask how it came about that two such radically different 
systems have been shaped in evolution to similar levels 
of accuracy. We may have here yet another instance of 
the optimal value of a trait differing from its potential 
maximum. It is quite possible that both the fire ant and 
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the honeybee are near the optimal level of accuracy of 
the mass response. As Haldane and Spurway suggested 
with reference to the honeybee. “natural selection is al- 
ways acting so as to reduce the error of the mean direction, 
while acting less intensely, if at all, to reduce individual 
errors which lead to a scatter round this direction.” They 
cite the analogous problem in naval gunnery, “where a 
superior force pursuing ships with less fire power should 
fire salvoes with a considerable scatter. in the hope that 
at least one shell will hit a hostile ship and slow it down.” 
This same analogy appears at first glance even more 
relevant in the case of the fire ant. One of the chief prob- 
lems faced by this species in the course of food gathering 
is the recruitment of sufficient workers in time to immo- 
bilize small prey animals detected while passing through 
the colony territory. On many occasions I have seen re- 
cruited workers succeed in capturing insects on laboratory 
foraging tables only because they had deviated from odor 
trails that had been rendered inaccurate by the continued 
locomotion of the prey. 

Even so, there is an even simpler, more plausible ex- 
planation. It is possible that the level of accuracy of the 
fire ant has been arrived at as a compromise between the 
utmost effort of the ants’ chemosensory apparatus to 
follow trails accurately and. simultaneously, the need to 
reduce the quantity and to increase the volatility of the 
trail substance in order to minimize overcompensation in 
the mass response. The amount of trail substance is indeed 


FIGURE 13-6. These abstract figures represent the amounts 
of information transmitted by the honevbee (race carniea) 
around the time it performs the waggle dance. and by the fire 
ant when it lays an odor trail. (center) The “bee compass” indi- 
cates that the worker honevbee receives up to four bits of infor- 
mation with respect to distance, or the equivalent of acquiring 
information necessary to allow it to pinpoint a target within 
one of sixteen equiprobable angular sectors. The compass lines 
are represented arbitrarily as bisecting the sectors. The amount 
of direction information remains independent of distance. 
given here in meters. This last estimate is probably subject to 
revision, as explained in the text. (top) The “distance seale” 

of both bee and fire ant communication shows that approxi- 
mately two bits are transmitted, providing sufficient informa- 
tion for the worker to pinpoint a target within one of four 
equal concentric divisions between the nest and the maximum 
distance over which a single message can apply. (bortom) The 
“fire ant compass” shows approximately how direction infor- 
mation increases with distance, given here in millimeters (from 
Wilson, 1962a). 
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microscopic, which seems logical if the mass response is 
to be governed finely. Which of the two evolutionary 
hypotheses is closer to the truth cannot be determined 
until deeper physiological analyses have been made. 

The trail pheromones, while they tend to be species- 
Specific in their effectiveness, are not precisely so. A fair 
generalization from our present knowledge would be that 
trail pheromones are usually peculiar to genera or to 
groups of species within genera, and only occasionally to 
species. For example, the trails of Solenopsis saevissima 
are fully attractive to the closely related S. xyloni but not 
to the more distantly related S. geminata. S. xyloni trails 
are fully attractive to geminata, but geminata trails are not 
attractive to either xyloni or saevissima (Wilson, 1962a). 
The Solenopsis trails are not active on the species of 
Crematogaster, Xenomyrmex, and several dolichoderine 
genera tested. Similar results have been obtained by 
Wilson and Pavan (1959) for several dolichoderine genera, 
by Blum (1966a) for Cardiocondyla, Huberia, and Mono- 
morium, and by Margaret Dix (personal communication) 
for the genera of the fungus-growing ants of the tribe 
Attini. Watkins (1964) found no evidence of pheromone 
differences within the army ant genus Neivamyrmex. 
Differences among the army ant genera have not, to my 
knowledge, been tested. 

There are a very few cases in which ants utilize the odor 
trails of other species. The parabiotic ant species of the 
tropical American forests follow one another’s trails (see 
Chapter 19). In Europe, workers of Camponotus lateralis 
sometimes follow the trails of Crematogaster scutellaris in 
large numbers to the Crematogaster feeding grounds and 
exploit the same food resources. In Trinidad, West Indies, 
workers of Camponotus beebei regularly if not invariably 
utilize the odor trails of a locally dominant dolichoderine 
species, Azteca chartifex. The Camponotus “borrow” the 
Azteca trails during the day, when Azteca foraging is at 
a low ebb. The Camponotus are treated as enemies by the 
Azteca, but they are too swift and agile to be caught 
(Wilson, 1965b). 

By means of the artificial trail technique, a respectable 
amount of information has now been accumulated con- 
cerning the anatomical origin of the trail substances in 
various ant groups. From the data summarized in Table 
13-1, it can be seen that there are major differences among 
the principal groups of ants and that these differences are 
at least roughly consistent with the current theory of ant 
phylogeny expressed in Chapter 4. The data also strongly 
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Table 13-1. Glandular sources of trail substances in 
ant species. 
Glandular 
Species source Authority 
Ponerinae 
Termitopone Hind gut Blum (1966a) 
laevigata 
Dorylinae 
Neivamyrmex spp. Hind gut Watkins (1964); 
Watkins et al. (1967) 
Eciton hamatum Hind gut Blum and Portocarrero 


Myrmicinae 
Atta texana 


Poison gland 


(1964) 


Moser and Blum (1963) 


A. cephalotes Poison gland Blum et al. (1964) 

Acromyrmex Poison gland Blum et al. (1964) 
octospinosus 

Crematogaster Tarsal glands Leuthold (1968a, b) 
ashmeadi 

C. peringueyi Tarsal glands Fletcher and Brand 

(1968) 

Pheidole fallax Dufour’s gland Law et al. (1965) 

Solenopsis saevissima  Dufour’s gland Wilson (1959c) 

S. geminata Dufour’s gland Wilson (1962a) 

S. xyloni Dufour’s gland Wilson (1962a) 

Monomorium Poison gland Blum (1966a) 
floricola 

M. minimum Poison gland Blum (1966a) 

Huberia striata Poison gland Blum (1966a) 

Tetramorium 
caespitum Poison gland Blum and Ross (1965) 

Dolichoderinae 
Monacis bispinosa Pavan’s gland Wilson and Pavan 
(1959) 

Iridomyrmex Pavan’s gland Wilson and Pavan 

humilis (1959) 


I. pruinosum 


Formicinae 
Lasius fuliginosus Hind gut Carthy (1950); 
Hangartner and 
Bernstein (1964) 
Acanthomyops Hind gut Hangartner (1969c) 
interjectus 
Myrmelachista Hind gut Blum and Wilson (1964) 
ramulorum 
Paratrechina Hind gut Blum and Wilson (1964) 
longicornis 


Pavan’s gland 


Wilson and Pavan 
(1959) 


indicate that odor trail communication has originated a 
number of times independently within the ants. It is fur- 
ther true that many genera and species of ants do not lay 
odor trails. None of the Myrmeciinae, the most primitive 
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myrmecioid subfamily, do so; among the Ponerinae, the 
most primitive poneroid subfamily, only a few specialized 
legionary groups, such as Termitopone and Leptogenys, do 
so. All of the Dorylinae and Cerapachyinae lay trails so 
far as is known. In the higher subfamilies the habit is 
irregularly distributed. The great majority, perhaps all, of 
the Dolichoderinae employ trails. An undetermined frac- 
tion of species, perhaps a minority, of the Pseudo- 
myrmecinae, Myrmicinae, and Formicinae also employ 
trails. It appears that the habit is readily acquired or lost 
during the course of evolution at the level of the genus 
or species. Species of Monomorium generally lay trails, but 
the related Chelaner antarcticum does not (Blum, 1966a). 
Some species of Formica and Lasius employ elaborate trail 
systems, while others do not lay trails of any kind. In 
general, species with large colony size have a greater 
tendency to evolve trail communication (Wilson, 1961). 
Finally, it is useful to distinguish between “exploratory 
trails” and “recruitment trails” (Wilson, 1963a). The for- 
mer are found in legionary (army ant) species among the 
Ponerinae and Dorylinae and are laid more or less con- 
tinuously by exploring workers in the van. The contri- 
bution of any given worker appears to be relatively slight, 
but the accumulated contribution of the foraging columns 
is heavy enough to last for days or even weeks (Schneirla, 
1965; Wilson, 1958b). So far, all of the exploratory trail 
substances studied have proven to originate in the hind 
gut. In contrast, recruitment trails are laid only by workers 
that are returning to the nest following the discovery of 
food, of lost nestmates, or of superior nest sites. They are 
either ephemeral or built up by accretion into persistent 
“trunk routes” (Sudd, 1957, 1960). Recruitment trails are 
characteristic of the trail-laying Myrmicinae, Dolicho- 
derinae, and Formicinae. In most cases analyzed to date 
(Table 13-1), the recruitment trail substances have turned 
out to be strong attractants. An exception is the tarsal 
gland substance of Crematogaster ashmeadi, which ap- 
pears to be a weak attractant functioning more to orient 
_than to impel (R. Leuthold, 1968a,b). To date no trail 
substances in ants have been chemically identified. 


Odor Trails in Termites 


Those who live in the North Temperate Zone are ac- 
customed to thinking of termites as white, timorous insects 
that stay forever sealed in their homes of crumbling wood. 
In fact most of the termites that live in the tropics—and 
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by species count they constitute the great bulk of the world 
fauna—live in the soil; of these, a large percentage regu- 
larly leave their nests to forage in the open air. The 
“harvesting termites” in the Hodotermitidae and Termiti- 
dae gather humus, leaf litter, and lichen, in other words 
most of the forms of cellulose-containing debris available 
on the ground and on tree trunks. Their foraging columns 
sometimes provide a startling spectacle. Edouard Bugnion 
(in Forel, 1928) described nocturnal forays of several 
colonies of Hospitalitermes monoceros, the Black Termite 
of Ceylon. The columns set forth each day as the sky 
began to darken, as early as 4:30 o’clock when the sky 
was overcast but otherwise around 6:00 o’clock, and it 
took about five hours for the entire army to make the 
march. Bugnion’s colonies visited cacao trees 15-20 m 
from the nest to collect lichen, and soil nearby to collect 
humus. The return took place during four to five hours 
around dawn and was completed only around 7:00 
o’clock, well after the sun was up. The foraging armies 
were immense. The columns consisted chiefly of 10 or so 
workers marching abreast, flanked at regular intervals by 
nasute soldiers whose heads faced outward, and stretching 
all the way from the nest to the hunting ground. An 
average of approximately 1,000 termites were counted 
passing a given point every minute, and from this figure 
Bugnion estimated the total army to contain 300,000 
individuals. 

Bugnion, like most of the other early termitologists, 
believed that such foraging columns are guided by chem- 
ical trails laid down in fecal matter. The workers of 
H. monoceros, he stated, “leave behind them little black, 
elongated tracks (which are very distinct on a white road, 
for instance, or a wall), and apparently serve to guide the 
army over its usual trail. As the intestines are filled with 
a black substance. . . we may assume that the black marks 
are produced by a substance expelled from the rectum.” 
Experimental studies performed over the past ten years 
have shown that these phylogenetically advanced termites 
are indeed guided by odor trails, but that the pheromone 
is produced by the sternal gland of the abdomen (Stuart, 
1969). 

In 1960 Lüscher and Müller in Switzerland and Stuart 
in the United States independently discovered that the 
primitive termites also lay odor trails, even though these 
insects never leave their nest to forage in the open air. 
Nymphs of Zootermopsis nevadensis guide other nymphs 
through the rotten wood galleries of the nest by means 
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of substances streaked from the sternal gland. Subse- 
quently Stuart (1963a, 1963b, 1964, 1967) elucidated the 
function of the odor trail throughout the termites. In 
Zootermopsis and probably other primitive forms as well, 
trails are used to recruit nestmates to breaches in the wall 
of the nest. Virtually all dangerous situations in the life 
of the colony can be translated to this single proximate 
stimulus—a breach in the wall. Termite nymphs are ex- 
tremely sensitive to the increased light intensities and to 
microcurrents of air associated with such an event, and 
when thus disturbed they run back into the interior of the 
nest laying an odor trail behind them (Figure 13-7). The 
pheromone is an attractant that operates in much the same 
fashion as the fire ant pheromone. That is, it “compels” 
the outward march of nymphs encountering it, and it is 
adequate in itself to guide them to their destination. When 
recruited nymphs arrive at the damaged portion of the 
nest, they set about to repair it. If the breach is too exten- 
sive to be repaired at once, the newcomers remain in an 
alarmed state and lay trails of their own back into the 
interior of the nest. In this fashion a repair crew is built 
up in numbers sufficient for the work to be done. Once 
the repair is completed, alarm ceases, trails are no longer 
laid, and the activity dies out. 

In the higher termites the pheromone has acquired a 
second function. Now the scent is laid to food sources as 
well as to damaged portions of the nest, and a recruitment 
system almost identical to that of the ants prevails. This 
similarity is the outcome of a remarkable case of evolu- 
tionary convergence. In termites, recruitment to food 
sources has evolved as a secondary function from an 
elaborate alarm system, which in turn is intimately con- 
nected with nest building. In ants, the same behavioral 
pattern has evidently been evolved from tandem running. 
In higher termites, moreover, the alarm function has been 
taken over in part by volatile substances produced in the 
head. 

The sternal gland is found throughout the termites, and 
its location in the termite abdomen has changed in evolu- 
tion in a way that is consistent with accepted ideas of 
phylogeny (Noirot and Noirot-Timothée, 1965a,b). In the 
very primitive genus Mastotermes, there are three of the 
glands—located under abdominal sternites III, IV, and V, 
respectively. In the subfamilies Stolotermitinae, Poroter- 
mitinae, and Hodotermitinae, there is a single gland be- 
neath sternite IV, and in all other termites so far studied 
there is a single gland under sternite V. The sternal glands 
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FIGURE 13-7. The nymph of Zootermopsis nevadensis, on 
being alarmed, lays odor trails into the interior of the nest. The 
location of the gland beneath abdominal sternite V is indicated 
by cross hatching in this individual, which is shown in both 
resting (A) and trail-laying (B) postures (from Stuart, 1969). 


are present in every caste, although they regress in func- 
tional reproductives. Pasteels (1965) found that in Na- 
sutitermes lujae the glands are best developed in older 
workers which, together with the soldiers, do most of the 
foraging and trail laying. 

Electron microscopic studies of the sternal gland of 
several species have been conducted by Noirot and 
Noirot-Timothée (1965a) and Stuart and Satir (1968). The 
gland is unusual in that it lacks a reservoir and duct, so 
that the pheromone has to be transported directly from 
the gland cells out through the cuticle. In 1966 Moore 
succeeded in purifying the trail substance of the Austra- 
lian species Nasutitermes exitiosus. He characterized it as 
an unsaturated, relatively involatile diterpenoid hydro- 
carbon with the empirical formula C,,H,. The substance 
is very potent, causing workers to follow it when laid in 
artificial trails in concentrations of only 10-8 to 10-° g/ml. 
An apparently identical substance was obtained from two 
other Australian Nasutitermes, but Coptotermes lacteus 
was found to produce something different. This fragment 
of evidence suggests that specificity may be at the genus 
but not the species level, much as in the ants. Hummel 
and Karlson (1968) reported a nonterpenoid hydrocarbon, 
with the formula C,,H,,, to be an active component of 
the trail substance of Zootermopsis nevadensis. They have 
also reported that hexanoic acid (n-caproic acid) is a very 
active natural component. One mg contains 50,000 “trail 
units,” where a unit is defined as the amount sufficient 
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to induce following by at least three out of ten Zooterm- 
opsis nymphs along an artificial trail 10 cm in length. 
Curiously, Karlson, Lüscher, and Hummel (1968) have 
found that farnesol, which is not a natural trail substance, 
is active on Zootermopsis at just this same level. A large 
variety of other substances tested, however, were far less 
potent, in most cases by several orders of magnitude. 

Finally, Matsumura, Coppel, and Tai (1968) have re- 
ported the complete structure of the trail pheromone in 
the North American rhinotermitid Reticulitermes virgini- 
cus. The substance, which occurs in rotting wood also and 
thus is believed to serve as a beacon for the workers 
hunting food, is one or more geometric isomers of a 
dodecatrienol. The most potent isomer thus far synthe- 
sized is cis-3,cis-6,trans-8, whose complete structure is as 
follows: 


CH;-CH,-CH,-CH-CH-CH-CH-CH, CH-CH-CH,-CH,-OH 
trans cis cls 


This compound is as fully effective as might be expected 
of a true trail pheromone. When less than 1071? g dis- 
solved in 10 ul of solvent was streaked over a glass surface 
along a 10 cm path, it was consistently followed by Re- 
ticulitermes workers. 


Odor Trails in Bees 


When Lindauer and Kerr (1958, 1960) made a routine 
check of the ability of eleven species of stingless bees 
(Meliponini) in South America to communicate the lo- 
cation of food finds, they obtained some striking results. 
The workers of all of the species were able to alert nest- 
mates to the presence of food. Those of seven of the 
species, in Melipona and Trigona, showed no ability to 
direct their sisters to the target, but those of four of the 
larger Trigona species (T. capitata, T. mombuca, T. postica, 
T. ruficrus) were able somehow to transmit directional 
information as rapidly and efficiently as honeybees. Fur- 
ther experiments with T. postica revealed one form of the 
communication. When a forager bee finds a feeding table, 
she makes three or more normal collecting flights straight 
back and forth between the hive and the table. Then she 
begins to stop in her homeward flight every two or three 
meters, settling onto a blade of grass, a pebble, or a clump 
of earth, opening her mandibles, and depositing a droplet 
of secretion from her mandibular glands (see Figure 13-8). 
Other bees now leave the nest and begin to follow the 
odor trail. 
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Nedel (1960) subsequently found that the mandibular 
glands of the trail-laying Trigonas are greatly enlarged in 
comparison with those of other bee species. Furthermore, 
after being emptied, the gland reservoirs are refilled in 
as little time as 20 minutes. It is clear that larger quantities 
of trail pheromones are used by these insects than by the 
trail-laying ants and termites. In fact, human observers 
can smell the typical mandibular gland odor around odor 
spots deposited by workers in nature. According to Kerr, 
Ferreira, and Simöes de Mattos (1963) the overall Trigona 
trails are polarized; that is, larger quantities of scent are 
laid down nearer the food source, as shown in the example 
in Figure 13-8. In three species studied by these investi- 
gators in Brazil, the active spaces of the odor spots en- 
dured between 9 and 14 minutes. Much as in the ants and 
possibly the termites as well, closely related species within 
Trigona confuse each others’ trails, but distantly related 
species do not. The alerting stimulus in Trigona commu- 
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FIGURE 13-8. (left) A typical trail-marking flight of a 

worker of the stingless bee Trigona postica between the feeding 
table (F ) and hive (H). The dots indicate the points where the 
bee stopped and deposited a droplet of mandibular gland se- 
cretion on a blade of grass or pebble. (right) The head of a Trig- 
ona postica with the right half of the anterior capsule cut away 
to show the principal exocrine glands, including the enlarged 
mandibular glands: (L) labial glands; (M) mandibular glands; 
(Ph) hypopharyngeal glands (from Lindauer, 1961). 
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nication, that is, the stimulus that arouses other workers 
before they move out along the odor trail, is believed by 
Kerr, Esch (1965, 1967a,b), and their co-workers to be a 
buzzing sound made by successful foragers shortly after 
returning to the nest. According to Esch, the length of a 
particular pulse increases with the distance of the journey 
in a highly predictable way. In fact the curve relating pulse 
length to distance traveled is remarkably similar in shape 
and slope to the curve relating the duration of the indi- 
vidual waggle dance to distance traveled in the honeybee 
(Apis mellifera). Similar sounds are made by successful 
foragers in meliponine species that do not lay trails and 
hence are unable to give directional information. 

Most species of stingless bees nest and forage in tropical 
forests, and odor trail communication seems ideally suited 
for orientation in this habitat. The individual forager bee 
can best thread its way through tree trunks and understory 
vegetation if guided point by point by frequently repeated 
cues. Odor trails offer an advantage over waggle dances 
in an important additional aspect. The waggle dance of 
the honeybee transmits information in only two dimen- 
sions, that is, they indicate the location of a point on a 
plane. The odor trail, which can lead up and down tree 
trunks as well as over the ground, transmits three- 
dimensional information, which is more useful in forests. 

The honeybee has a rudimentary form of odor trail 
which is employed for short-distance orientation in special 
circumstances (Lecomte, 1956; Butler, 1966b; Butler et al., 
1969). The most suggestive evidence has been reported 
by Butler in his initial article on the subject. When he 
changed the position of the hive entrance of one of his 
colonies, the first foragers to return managed to find the 


new entrance only after random searching. When a few. 


had succeeded in walking the whole distance from the 
former location of the old entrance to the new entrance, 
however, newcomers were able to follow their trail on foot. 
The “footprint pheromone” has not yet been identified, 
but it appears to be the same substance that is routinely 
deposited on and around the nests and food dishes and 
makes them both attractive. As mentioned earlier in this 
chapter, the most probable source, as yet untested, is 
Arnhardt’s glands in the tarsi. 


Adult Transport 


One of the methods of recruitment used by ants is 
extremely direct and simple: workers are merely dragged 
or carried to the target area by their nestmates. The be- 
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havior is almost wholly limited to emigrations to new nest 
sites. It is generally true among ant species that, if a colony 
is forced to move from one nest site to another, the most 
active and experienced workers carry the brood and, 
especially during the later stages of the emigration, pull 
or bodily carry other adult members to the new nest site. 
The behavior can be readily induced in the laboratory 
simply by spilling an entire colony into the foraging 
chamber next to the artificial nest and allowing it to 
reoccupy the nest. When the colony occupies multiple nest 
sites, adult transport sometimes occurs continuously from 
one site to another. Okland (1934), in the course of his 
studies of the European Formica rufa, was the first to 
realize that this phenomenon can be an important means 
of colony integration. In the closely related F. polyctena, 
adult transport among multiple nest sites is seasonal, 
reaching its maximum in spring and autumn. In one 
colony of approximately a million workers studied by 
Kneitz (1964) in Germany, between 200,000 and 300,000 
transportations occurred in the course of a year. Most of 
the workers doing the transporting were older foragers, 
and most of the workers being carried were younger 
individuals, of the kind that engage principally in nursing 
and ingluvial food storage. The adaptive value of such 
strenuous behavior remains to be demonstrated. It is 
conceivable that the transporters are engaged in allocating 
labor resources according to overall colony needs which, 
by virtue of these insects’ more extensive wandering, they 
are the most qualified to sense. 

The value of simple emigration from a bad nest site 
to a good one is clear enough, and the function can be 
said to be basic and primitive in the ants. In the higher 
ants, adult transport has evolved into an elaborate, stere- 
otyped form of communication. In the Formicinae, the 
transporter approaches the transportee face to face, an- 
tennates it rapidly on the surface of the head, and at- 
tempts to seize it by the mandibles. If the transportee is 
receptive it folds its antennae and legs in against the body 
in the pupal position and allows itself to be lifted from 
the ground. As it is pulled up, it curls its abdomen for- 
ward. The transporter then swiftly carries it to the desti- 
nation. Arnoldi (1932) was the first to recognize consistent 
differences among the ant groups in the postures assumed 
during adult transport. In contrast to the Formicinae, the 
transporting worker in most Myrmicinae (e.g., Myrmica, 
Cardiocondyla) seizes the transportee just beneath the 
mandibles or by the neck, and the transportee curls its 
body over the head of the transporter with its abdomen 
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pointing upward or to the rear (Figure 13-9). In Cremato- 
gaster, seizure is from above by the postpetiole. In the 
New World army ants (Dorylinae), adults are carried in 
the same strange fashion as the larvae and pupae, that 
is, slung back beneath the body and between the long legs 
of the workers. According to Rettenmeyer (1963a) the 
frequency with which adult workers are transported de- 
creases with their size and age and increases near the end 
of the emigration from one bivouac site to another. In the 
Australian Myrmecia, among the most primitive living 
members of the myrmecioid phylad, adult transport oc- 
curs, but is not stereotyped. It is a rare response, directed 
only at aged and ailing individuals, callow workers, nest 
queens, and males. The transporting worker faces the 
transportee, seizes it by the mandibles or (in the case of 
males) the antennae, and drags it over the ground while 
walking backward. The transported individual does not 
fold its appendages in the pupal position or cooperate 
actively in any other way (Haskins and Haskins, 1950a). 
It is evident from these fragments of information that 
adult transport has evolved considerably within the ants 
and shows at least a rough correspondence with the prin- 
cipal taxonomic groupings. The behavior pattern is nev- 
ertheless not found in every ant species. It is absent, for 
example, in the arboreal myrmicine Daceton armigerum 
(Wilson, 1962b). 

The basic transporting behavior has been adapted to 
new ends by a few ant species. In Manica rubida and 
Leptothorax acervorum it is used to remove alien workers 
from the colony territory (Le Masne, 1965; Dobrzanski, 
1966). Interestingly enough, the subdued aliens respond 
with the same submissive behavior as nestmates. This is 
the case to a limited extent even when the transportee 
is a different species, as, in particular, when Myrmica 
scabrinodis workers are carried by Manica workers. In the 
Russian slave-making formicine Rossomyrmex proformi- 
carum adult transport is used in recruitment during raids 
(Arnoldi, 1932). The workers travel to the target nest of 
Proformica in pairs, one ant carrying the other in typical 
formicine fashion. 

In termites the transport of nestmates other than eggs 
is a rare event. It does occur in at least a few higher termite 
species on those occasions when colonies or fragments of 
colonies emigrate from one nest site to another. During 
colony multiplication by fission (“sociotomy”), workers of 
African species of Anoplotermes and Trinervitermes run 
over the surface of the ground between the home nest and 
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the daughter nest. During this precarious time, they carry 
the young larvae in their mandibles. Older larvae are 
sometimes carried, but usually walk, to the new nest site. 
In Trinervitermes the injured are also carried (Grassé and 
Noirot, 1951b). 

I know of no examples of adult or even brood transport 
in the winged social Hymenoptera. This omission seems 
to be explainable by the simple fact that older larvae, 
pupae, and adult nestmates are too heavy to be carried 
very far in flight. When a colony of honeybees, stingless 
bees, or polistine wasps emigrates, in the course of either 
absconding or colony multiplication, the brood is left 
behind, and the new nest is peopled entirely by queens 
and workers who travel under their own power. 


The Dances of the Honeybee 


The waggle dance of the honeybee, called the Schwän- 
zeltanz in German and tail-wagging dance in some 
English-language reports, is the most intensively studied 
and famous of all the forms of animal behavior. Its fame 
stems both from the uniqueness of the mode of commu- 
nication involved and the thoroughness and craftsmanship 
of the work of Karl von Frisch and his students who have 
devoted their lives to this and related aspects of honeybee 
behavior. The waggle dance is unique in an especially 
notable way. Here we have a signal that is constructed 
from a ritualized and miniaturized imitation of the jour- 
ney that the signaling bee has taken in the past and upon 
which some of its sister bees are about to embark. By 
following the dance, the receiving bees rehearse the jour- 
ney in miniature and prepare to translate it into a real 
flight. When they do make the flight, it can be said that 
they were sent and not led to the goal. What is different 
about the waggle dance, then, is that it is a truly symboli- 
cal message that guides a complex response after the 
message has been given. In almost all other known forms 
of animal communication, individual signals contain 
much less information than a single waggle dance and, 
unlike the dance, are effective only while in existence. 
Even in most acts of chemical communication the behav- 
ioral effects cease very soon after the active pheromonal 
Spaces disappear. 

Let us examine a typical instance of communication by 
the waggle dance in Apis mellifera carnica, the gray 
Carniolan race studied by von Frisch in the fields of 
Germany and Austria. A scout worker has returned to the 
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FIGURE 13-9. Adult transport in ants: (a) workers of Myrmica rubra in 
one of the carrying postures most frequently seen in the Myrmicinae; (b) a 

_ worker of Camponotus ligniperda carries a male, this form of transport being 
used only to handle males; (c) a worker of Formica polyctena carries another 
in the posture typifying the formicine ants (original drawing by Turid Hölldo- 
bler; Camponotus based on B. Hölldobler and Maschwitz, 1965). 
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hive after discovering a rich new food source located a 
moderate distance, say 300 m, from the hive. The food 
source will, in most cases, be a cluster of flowers bearing 
nectar and pollen, the normal food of the honeybee. 
Suppose, for purposes of illustration, that our food find 
is located in a direction 20° to the right of the sun with 
reference to the hive; in other words, if a bee flies straight 
toward the food on leaving the hive, its path will form 
a 20° angle with the line running from the hive over the 
ground in the direction of the sun (Figure 13-10). Now 
the scout worker enters the hive, mounts one of the verti- 
cal combs, and crawls to a position that is determined in 
part by the distance from the food find to the hive. The 
farther away the find, the deeper into the nest she pene- 
trates. The bee next regurgitates nectar from her crop to 
the surrounding nestmates and then begins the dance in 
the midst of her crowded sisters. She runs through a 
figure-eight pattern: a straight run, then a turn to the left 
and circle back to about the original position, another 
straight run, a turn and circle to the right to the starting 
point, a straight run, and so on. 

The straight run is the most distinctive and informative 
element of the dance. It is given a particular emphasis, 
at least to the eye of the human observer, by a rapid 
lateral vibration of the body—the “waggle”—that is 
greatest at the tip of the abdomen and least marked at 
the head. The complete back-and-forth shake of the body 
is performed 13 to 15 times a second. At the same time 
the bee emits an audible buzzing sound by vibrating its 
wings. The whole performance conforms to a pattern that 
students of vertebrate behavior would probably refer to 
as a ritualized intention flight movement. Each episode 
of wing vibration lasts about 15 msec and is separated 
from the next one by the same interval. Thus 30 vibrations 
per second ensue, and it is this low-pitched frequency that 
the human ear interprets as a buzz. The vibration episodes 
themselves contain oscillations of 250 cycles per second, 
corresponding to the frequency of the wingbeats. Some 
evidence exists (for example, Esch, 1967a) to indicate that 
the sounds are an essential part of the waggle dance 
message. 

The direction of the straight run on the vertical comb 
and its duration are closely correlated with the direction 
and distance, respectively, of the food find with reference 
to the hive. In the case represented in Figure 13-10 the 
food find is located about 20° to the right of the sun. The 
straight run of the dance is correspondingly directed at 
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FIGURE 13-10. The waggle dance of the honeybee. As the 
bee passes through the straight run she vibrates ( “waggles” ) 
her body laterally, with the greatest movement occurring in the 
tip of the abdomen and the least in the head. At the conclusion 
of the straight run, she circles back to about the starting posi- 
tion, as a rule alternately to the left and right. The follower 
bees acquire the information about the food find during the 
straight run. In this case the run indicates a food find 20° to 
the right of the sun as the bee leaves the nest. If the bee per- 
forms the dance outside the hive (a), the straight run of the 
dance points directly toward the food source. If she performs 
the dance inside the hive (b), she orients herself by gravity, and 
the point directly overhead takes the place of the sun. The 
angle x (= 20°) is the same for both dances (from Curtis, 1968). 


an angle of 20° to the right of the vertical. In other words, 
the bee transposes the angle between the food and the 
sun (seen in the outward flight) to the angle between the 
straight run and the vertical (judged by gravitation at 
the starting point of the straight run). Simultaneously, the 
duration of the straight run increases with the length of 
the journey. A precise exemplification of this correlation 
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is given in Figure 13-11. In timing the straight run, the 
bee actually refers to the outward journey that she has 
taken. Typically, the scout will complete several round 
trips by herself before she begins dancing so that she has 
the opportunity to acquire an accurate impression of the 
location of the target. Furthermore, the duration of the 
run is based not on the absolute distance of the target 
but rather on the energy expended to get there. If the 
flight outward is favored by a following wind, the subse- 
quent straight run performed in the hive will be shorter. 

The follower bees crowd in around the scout, their 
antennae extended and touching her much of the time. 
Within minutes some begin to leave the hive and fly to 
the food find. Their searching is quite accurate; the great 
majority come to search close to the ground within twenty 
percent of the correct distance. 

In the Carniolan race the waggle dance is consistently 
performed only when the target is more than 80 m from 
the hive. If it is less than 50 m away, the bee performs 
the round dance instead (Figure 13-12). The round dance 
is similar to the waggle dance except that it lacks the 
all-important straight run. Workers incited by it who have 
had no previous experience in the nest vicinity search at 
random close to the nest. Those who have foraged in the 
nest vicinity may recognize that the scent of the flowers 
adhering to the dancer’s body and head was from the spot 
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FIGURE 13-11. The durations of elements of the waggle 
dance of the Carniolan race, and their sum, are given as func- 
tions of the distance of the food find from the hive. The dura- 
tion in seconds is indicated in the ordinate as #,. The duration 
of the individual straight run (I) is the component that in- 
creases most with the distance of the target. The duration of the 
return run (III) increases only slightly. Consequently, the dura- 
tion of the entire dance (II), that is, the sum of I and III, in- 
creases only about as fast as that of the straight run. The open 
squares, triangles, and circles represent different methods by 
which the data were obtained (redrawn from von Frisch, 1967a). 
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FIGURE 13-12. The round dance performed by the honeybee 
worker when the target is close to the hive. In the upper figure 
the dance is followed by three other bees, who are incited to 
search close to the nest but are given no information concern- 
ing direction. As the distance of the target is increased (beyond 
50 m in the case of the Carniolan race) the round dance gradu- 
ally changes to the waggle dance by adding a straight run in the 
middle. The intermediate form in the lower row is called a 
sickle dance (from von Frisch, 1967a). 


where they had previously encountered the same kind of 
flowers. 

In trying to keep all of these facts in mind, it is useful 
to imagine oneself in the position of a worker bee just 
returning to the hive after making a food discovery. The 
problem is to perform a charade of the trip out to the 
food. The straight run has been “chosen” in evolution to 
represent this activity. It is the symbolic flight, with wings 
vibrating in nonfunctional manner and the abdomen also 
vibrating to add emphasis. Gravity must replace the posi- 
tion of the sun since the bee is now in the darkened 
interior of the hive; straight up is a convenient substitute 
for moving toward the sun itself. Statistical analyses have 
shown that the duration of the straight run (or the dura- 
tion of the wing buzzing, which is virtually the same thing) 
is the component of the dance most closely correlated with 
the distance to the target or, more precisely, the effort 
expended to get there. The circling return run evidently 
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serves the chief and perhaps exclusive purpose of bringing 
the dancing bee back to the start of the straight run. 

If the comb is tilted to a horizontal alignment and the 
hive is opened enough to admit sunlight, or at least a view 
of open sky, the dancing bees now direct their straight 
runs right at the target outside. In Apis florea, the socially 
more primitive dwarf honeybee of southeastern Asia, 
dancing is performed exclusively in this fashion. The 
combs are permanently exposed to the outside and are 
surmounted by a broadened area that serves as a dancing 
platform (Lindauer, 1961). The domestic honeybee Apis 
mellifera originated from populations that adapted to 
preformed cavities, such as natural hollows in logs and 
trees. In thus changing its nest site, which in turn made 
it amenable to domestication in artificial hives and al- 
lowed it to penetrate temperate climates, A. mellifera had 
to switch to gravity cues in order to direct the straight run 
in total darkness. 

_ The evolutionary origin of the waggle dance and its 
incorporation of gravity cues are not really so mysterious 
as they might at first seem. Ritualization of functional 
motor patterns is commonplace in communication systems 
of other animal species. In fact, almost all signaling among 
members of the same species consists of a reenactment 
of the desired response, a “follow me” invitation often in 
the form of an incomplete intention movement or ritualized 
imitation. Esch (1967a,b) has discovered a communication 
form in the stingless bee Melipona quadrifasciata that not 
only illustrates this principle in graphic manner but also 
reveals what may be the equivalent of the intermediate 
stage in evolution of the waggle dance of Apis mellifera. 
Successful foragers of M. quadrifasciata lead their hive- 
mates away from the nest by means of a conspicuous 
zigzag flight in the direction of the feeding place. The 
hivemates lose contact after 30-50 m and return to the 
nest. However, after 20 to 30 “guiding flights” the hive- 
mates fly on beyond in the generally correct direction and 
try to find the feeding place on their own. It is easy to 
imagine as a next evolutionary step the abbreviation of 
the guiding flight and its encapsulation into the waggle 
dance of Apis. Esch has also pointed out that the duration 
of the sound pulses emitted by M. quadrifasciata and M. 
merillae are related to the distance to the feeding place 
in a manner very similar to the relation of duration of 
the waggle dance and distance to feeding place in the 
honeybee, Apis mellifera. In Trigona, sounds are also 
produced, but they contain no distance information. Esch 
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has argued that sound production is the primitive mode 
of communication, serving at first (as in Trigona) only to 
alert the colony. Later the duration of the sound, and then 
the zigzag flights, came to imitate the journey to the 
feeding place, as in M. quadrifasciata. Finally, the zigzag 
flight, still intimately associated with meaningful sound 
production, became ritualized further into the waggle 
dances of Apis. Both the capacity for switching light com- 
pass and gravity orientation and some of the elements of 
the waggle dance itself occur even in a few nonsocial 
insects (Blest, 1960; von Frisch, 1967a). 

No one disputes the precision of the waggle dance, 
which has been repeatedly measured, or the fact that it 
is associated with a rapid exodus and buildup of worker 
bees at the food site. But how can we be sure that the 
relationship is a causal one, that in fact the follower bees 
have been directed to the goal by information received 
within the hive from the waggle dance? A. M. Wenner 
and his associates (Wenner, Wells, and Rohlf, 1967; 
Wenner and Johnson, 1967; Wenner, Wells, and Johnson, 
1969) have taken a contrary position, arguing that the 
communicative function of the waggle dance has not been 
proven. They believe that follower bees find their way in 
large part, if not exclusively, by past experience with the 
food find, which the bees recognize by odors clinging to 
the body of the dancer; by odor cues in the field such 
as secretions of the Nasanov gland; and by visual cues 
such as the movement of other forager bees and the 
geometric patterns of the food plates used in the experi- 
ments. Their data show that, under at least some circum- 
stances, the foraging bees overwhelmingly favor odor cues 
to the information in waggle dances—to an extent that 
the very functioning of the dance can be doubted. 

There is a widespread impression among biologists that 
the communicative function of the waggle dance has been 
disproved by both the critique and the new experimental 
results published by Wenner and his co-workers. Wenner, 
Wells, and Johnson (1969) have, in fact, flatly stated that 
“Honey bee recruits locate food sources by olfaction and 
not by use of distance and direction information contained 
in the recruitment dance.” Clearly they desire to abandon 
the dance language hypothesis and pursue experiments 
to elucidate their own simpler explanation. 

I think it is true to say that, on first hearing the critique, 
I was, like most other biologists, excited and intrigued. 
After all, if the classic waggle dance story can be dis- 
carded, honeybee communication would be stripped of its 
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unique feature and insect behavior would become that 
much easier to comprehend. Parsimony alone seemed to 
favor some other explanation. Furthermore, the waggle 
dance had become something of a sacred cow and it 
needed a critical examination by an independent group 
of investigators. But now it seems to me that the main 
thrust of the critique was wrong. The communicative 
function is supported decisively by experimental evidence 
already in the literature. Furthermore, corroborative ex- 
periments have been reported by other investigators. The 
data from the experiments of Wenner and his associates 
on the role of learning and additional cues can be ex- 
plained without affecting the von Frisch interpretation, 
and it now seems that even those were already anticipated 
by the much more extensive previous work of the German 
experimentalists. 

In a separate brief article von Frisch (1967b) cited the 
following three lines of experimental evidence which in his 
view most firmly establish the communicative function of 
the waggle dance: 

1. When the experimental food plate is 25 m or less 
from the hive, the foragers perform only the round dance, 
and the followers swarm out equally in all directions. If 
the plate is now moved farther away, the dance begins 
to add the straight run, and the followers fly with increas- 
ing accuracy toward the target. At 100m, the waggle 
dance is performed exclusively, and, simultaneously, the 
followers come to orient with maximum accuracy. 

2. If forced to dance on a horizontal surface, the scout 
bee still performs a waggle dance providing she is allowed 
to see the sun or a portion of blue sky. And the followers 
still swarm forth with the same accuracy as if the dance 
were performed in the dark on a vertical surface. If the 
view of the sky is now cut off, the scout performs disor- 
ganized dances that indicate neither distance nor direc- 
tion. The follower bees are still incited to leave the nest, 
but they respond as though alerted by a round dance, 
searching randomly in all directions close to the hive. 

3. In “detour experiments,” scout bees are made to fly 
around the edge of a building or a high cliff by gradually 
moving the food plate on the ground, step by step, until 
the plate is positioned on the opposite side. The resulting 
waggle dances cannot indicate the detour. Instead, the 
bees show a remarkable ability to integrate their outward 
movements and to translate them into the correct, 
straight-line direction over the obstacle. Thus the scout 
flies around the detour, but its subsequent dance instructs 


267 Communication: Recruitment 


the followers to go straight through (or over!) the obstacle. 
The followers are observed in fact to fly directly over the 
obstacle on their way to the target rather than to follow 
the scout around the detour. Thus it is clear that they obey 
the instructions in the dance and do not rely on visual 
or odor cues left by the scout along its true flight route. 

Lionel Gongalves (1969) has recently performed a set 
of experiments in Brazil that test the waggle dance hy- 
pothesis in yet another way. He permitted single scout 
workers to enter long tubes, walk their length, and feed 
from sugar water supplies at the end. When the scouts 
returned to the hive, they performed waggle dances that 
signified not the length of the tube but, rather, the amount 
of expenditure required to walk the length of the tube. 
The follower workers then directed their flights primarily 
to the areas around feeding places indicated by the waggle 
dances and not to the tubes themselves. Over the short 
distances used in the experiments (4 to 40 m from nest 
to feeding places), orientation to odors played the major 
role, but it was also clear that the waggle dance was 
contributing an important fraction of the information. 

Although the communicative function of the waggle 
dance is firmly established by these experiments, it is still 
a remarkable and disturbing fact that the sensory modality 
in which the communication occurs remains to be dis- 
closed. Do the follower bees perceive the straight run by 
touching the dancer with their antennae, or do they reckon 
it by the sound or air currents it makes during the run? 
Is it possible that it might even be smelled along the track 
of the straight run? Still another possibility is that the 
distance is judged by listening to the wing sounds through 
the substratum and the direction by touch or some other 
means. The reason for the difficulty is that no one has 
succeeded in getting follower bees to obey a dummy 
placed inside the comb and manipulated by the investi- 
gator. Only by this means can stimuli be readily screened 
out in a systematic fashion and the relevant components 
of the dance precisely identified. Steche (1957) claimed 
to have directed flights with dummies, but later attempts 
to duplicate his work have not succeeded. Surely to 
achieve such a control over the hive would be a tour de 
force worth any effort. 

There is a second gap in current information on bee 
dancing. It has been well established that bees are capable 
of learning odors and that they orient part of the time 
according to odor memory. For example, if a foraging 
worker has been successful in the past in collecting from 
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a certain kind of flower and is presented with the odor 
of the same flower in the nest, it will fly out to the place 
where it did the original collecting. What is missing is 
exact information on the extent to which odor memory 
is the guide, as opposed to the abstract information re- 
ceived in the waggle dance. Both function under natural 
conditions, but in what proportions? Also, there is a scar- 
city of measurements of the amount of information added 
to the waggle dance by additional cues, in particular the 
assembly pheromones of the Nasanov glands released in 
the vicinity of new food finds and the sight of flying 
workers. 

A surprising aspect of the communication is that the 
precision of the newcomers in achieving the goal is greater 
than that of the dances from which they received the 
information. In other words, the variance of components 
in the straight run is greater than the variance of the 
responses of the newcomers in the field. This difference 
may well be due to the flaws in von Frisch’s experimental 
design, which I pointed out earlier. But it might also be 
explained in the following way. The newcomers typically 
follow more than one dance of each dancer and even more 
than one dancer before leaving the nest in search of the 
food site. By averaging the information, they are able to 
obtain a more precise estimate than is available in many 
individual dances. There is nothing especially remarkable 
about such a calculation. What occurs may be analogous 
to the way in which we ourselves quickly deal with such 
information. When a gun, for example, is fired repeatedly 
at a fixed target. we are able to glance at the pattern of 
hits and instantly estimate the point at which the gun was 
aimed, even when most of the shots are far off the mark. 

Most of the research by von Frisch and his students has 
been concentrated on the Carniolan race of the honeybee, 
Apis mellifera carnica. When other genetic strains were 
tested, they were found to differ in the details of the 
waggle dance. in particular the distance intervals at which 
the round and waggle dances are performed, the presence 
or absence of the sickle dance as an intermediate form 
of dancing. and the tempo of the waggle dance (Figures 
13-13 and 13-14). These variations have been appro- 
priately referred to as “dialects.” The dialect phenomenon 
has been exploited in an ingenious way by Steche (in von 
Frisch, 1967a) and Boch (1957) to further test the commu- 
nicative function of the waggle dance. The central Euro- 
pean strain with the fastest tempo is the Carniolan race 
(carnica) and the one with the slowest tempo is the Italian 
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FIGURE 13-13. The differences that exist among several of 
the principal strains (“races”) of the honeybee in the indication 
of direction provided by their dances: (R) round dances; (S) 
sickle dances: (T ) tail-wagging (waggle) dance. The distance of 
the target from the hive is given in the abscissa. The spaces be- 
tween the three forms of dancing indicate gradually changing 
transitional forms (after von Frisch, 1967a; from Boch, 1957). 


race (ligustica). This means that a ligustica worker should 
read the relatively shorter straight run of a carnica dancer 
as indicating a goal closer to the nest than it really is; and 
a carnica worker should conversely overestimate the dis- 
tance of a goal from the relatively longer straight run of 
a ligustica dancer. Mixed colonies of the two strains were 
established, and workers of first one strain and then the 
other were allowed to feed at experimental food tables 
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FIGURE 13-14. Racial differences in the tempo of the waggle 
dance given as a function of the distance of the target. The 
faster the tempo. the briefer the straight run for a given target 
distance (from von Frisch. 1967a). 
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and to return to the hives to dance out their messages. 
Newcomer bees were then counted at food tables set at 
varying distances from the hive, following the usual pro- 
cedure of the “step experiment.” It was found that, as 
predicted by the von Frisch communicative hypothesis, 
the ligustica workers underestimated from the carnica 
dances and the carnica workers overestimated from the 
ligustica dances. 

There are at least three additional features of the waggle 
dance that could impart information. Von Frisch and 
others have spoken of the “liveliness” or “vivacity” of the 
dance, a quality that is readily perceived by the human 
observer but so far has resisted measurement. The dura- 
tion of the dancing—not the duration of a single dance 
circuit but the entire period of dancing—also varies 
greatly. Both of these qualities increase when the quality 
of either the food or the weather improves. The dancing 
ranges from relatively sluggish initiation of a single circuit 
to a vigorous, nonstop performance that lasts for minutes. 
The precise factors known to promote liveliness and en- 
durance are as follows: the sweetness of the sugar solution; 
the purity of the sweet taste; the ease with which the food 
is secured, including its nearness to the nest; a flower-like 
fragrance; the flower-like form of the food container; a 
uniform, continuous flow from the food source; the 
starved condition of the colony; favorable weather condi- 
tions; and competition from other food sources (von 
Frisch, 1967a). The third feature in the dance that contains 
potential information is the frequency of the sound bursts 
during the straight run. According to Esch (1963) the 
frequency of the pulses increased in one set of observa- 
tions from 22 to 30.5 per second as he increased the 
concentration of sugar solution from 0.5 molar to 2 molar. 
It needs to be stressed that, although the human observer 
can, with the aid of instruments, “read” the information 
in these additional components of the dance, this does not 
mean that the bees are able to do so. The technique for 
monitoring responses to the dances of different qualities 
remains to be devised. 

Just as in the odor trails of ants, the waggle dances serve 
to recruit nestmates both to food and to new nest sites. 
Largely through the researches of Lindauer (1961) we 
have a clear picture of how the emigration to new nest 
sites is organized. Shortly after the swarm containing the 
old queen has left the hive and clustered elsewhere (see 
the description of the honeybee life cycle in Chapter 5), 
scouts fly out in all directions searching for a suitable 
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cavity in which to build the new combs and set up house- 
keeping. When such a place is discovered, the bee returns 
to the swarm and begins to dance on its surface, indicating 
the location of its discovery. It often happens that two or 
more sites are discovered before the swarm moves from 
the bivouac. In this case, the scout bees advertise their 
respective discoveries in competition with each other. 
Other bees follow their leads, examine the sites, and, if 
sufficiently stimulated by the quality of the location, 
commence dances on their own. The most attractive sites 
evoke the largest number of dances and the most persist- 
ent dancing. The scouts reporting inferior sites are gradu- 
ally won over, and in time a preponderance of the dancing 
bees come to advertise a single site. Then the swarm leaves 
for the site chosen in this “democratic” fashion (Figure 
13-15). Occasionally the democratic method breaks down. 
In 2 of the 19 swarms watched by Lindauer, the colonies 
had great difficulty reaching a decision. The results were 
startling: 


In the first case two groups of messengers had got into competi- 
tion; one group announced a nesting place to the northwest, 
the other one to the northeast. Neither of the two wished to 
yield. The swarm then finally flew off and I could scarcely 
believe my eyes—it sought to divide itself. The one half wanted 
to fly to the northwest, the other to the northeast. Apparently 
each group of scouting bees wanted to abduct the swarm to the 
nesting place of its choice. But that was naturally not possible, 
for one group was always without the queen, and there resulted 
a remarkable tug of war in the air, once 100 meters to the 
northwest, then again 150 meters to the northeast, until finally 
after half an hour the swarm gathered at the old location. 
Immediately both groups began again with their soliciting 
dances, and it was not until the next day that the northeast group 
finally yielded; they ended their dances and thus an agreement 
was reached on the nesting place in the northwest. 


The second case ended in a completely unexpected way; for 
14 days no agreement had been reached, and then, when a 
period of rain set in, the scouting bees gave up their search for 
a dwelling and occupied themselves with the collection of nectar 
and pollen. The traveling stores of the swarm bees were ap- 
parently used up and it was high time for a replacement of 
provisions. Thus the activity of the hunters of quarters was 
completely suppressed, and the swarm made its abode at its first 
landing place, built honeycombs in the bushes, and set up a 
normal nest for its brood . . . In our climatic region the winter 
would put an end to this attempt, for the bees cannot survive 
a heavy frost in the open. (Lindauer, 1961). 


On three occasions Lindauer (1955) estimated the posi- 
tion of the favored nest site by watching the dances alone. 
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FIGURE 13-15. The history of the search for a new site is 
shown in diagrammatic form. As the swarm of honeybees 
hangs in a cluster in the open air, scout bees find suitable nest 
cavities and advertise their direction and distance by dances on 
the surface of the swarm. Groups of bees compete with each 
otherin announcing different sites; the thicknesses of the arrows 
indicate the number favoring a given site at a given time, while 
their lengths and direction indicate to scale the distances and 
directions of the actual sites announced. In this typical exam- 
ple, the colony took from 1:35 p.M. on June 26 to 9:40 A.M. on 
June 30 to arrive at a decision (from Lindauer, 1961). 


Then he proceeded to the location, found the site, and 
was waiting to greet the swarm when it arrived. 

The round dance and waggle dance and the forms 
intermediate between them are not the only stereotyped 
locomotory forms performed in honeybee hives. At least 
some of these additional “dance forms” have communi- 
cative functions and deserve closer study. 
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Jostling run (Rumpeltanz). As soon as they enter the 
hive, successful foragers run excitedly through groups of 
workers, bumping into them as though intentionally. The 
jostling run occurs after the first successful flight to a food 
source, whereas the waggle dance more often occurs only 
after several such flights. The jostling run serves to excite 
other workers and to draw attention to the forager, and 
it has its exact parallel in the charging and bumping 
behavior of trail-laying ants and termites (Schmid, 1964). 

Spasmodic dance (Rucktanz). Returning bees sometimes 
run along the comb, distributing food and performing 
fragments of the straight run. Although the partial straight 
runs are correctly oriented, there is doubt as to whether 
they are effective as signals or comprise anything more 
than incomplete intention movements preliminary to the 
performance of complete waggle dances (Hein, 1954). 

Buzzing run (Schwirrlauf). This is the signal that initi- 
ates swarming. Just before the swarm occurs, most of the 
bees are still sitting idly in the hive or outside in front 
of the entrance. As midday approaches and the air tem- 
perature rises, one or several bees begin to force their way 
through the throngs with great excitement, running in a 
zigzag pattern, butting into other workers, and vibrating 
their abdomens and wings in a similar fashion to that 
observed during the straight run of the waggle dance. The 
sound produced is very different from that produced 
during the straight run, however, raising the possibility 
that it is an important part of the signal to swarm (Esch, 
1967c). The Schwirrlauf is swiftly contagious, and, within 
a minute or two, a dozen or more workers are engaged. 
As Lindauer (1955) describes it, “Like an avalanche the 
number of buzzing runners grows, many of them rush to 
the hive entrance, arousing similarly those slothful ones 
who had gathered together like a tuft before the flight 
opening, others hover briefly about the hive but return 
once again to continue their buzzing runs. In about 10 
minutes the moment for departure has arrived .. . then 
the bees nearest the hive entrance rush forth and in a 
dense stream all follow. The queen too has been aroused, 
and if she does not follow the swarming bees out at once 
she is badgered without interruption by bees buzzing and 
running until she has found the hive entrance and hurls 
herself into the swarm cloud.”* The phenomenon is re- 
markable in that it is the only example I know of an 
autocatalytic reaction in an animal communication sys- 


*Translation by L. E. Chadwick in von Frisch (1967a). 
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tem. The signal itself produces the same signal in others, 
with the result that a chain reaction and a behavioral 
“explosion” occur. Of course this is just the effect that is 
needed to ensure a simultaneous action by the ten thou- 
sand or more individuals who fiy from the hive. 

Grooming dance (shaking dance). The worker shakes her 
body rapidly back and forth and from side to side, while 
attempting to comb her thoracic hairs with her middle 
legs. Often, but not always, this behavior induces a nearby 
worker to approach and employ her mandibles to groom 
the hairy coat on the petiole and base of the wings. These 
are the parts which a bee is unable to clean herself 
(Haydak, 1945; Milum, 1955). 

Jerking dance (D-VAV). Occasionally a worker bee 
touches a nestmate with her antennae or, more typically, 
seizes its body with her forelegs or climbs on top of it, 
then makes seven or eight rapid up-and-down strokes with 
her abdomen. Milum has referred to the abdominal 
movement as the “dorso-ventral abdominal vibration” 
(D-VAV). The function is still unknown (Milum, 1955; 
Eleonore Hammann, 1957; Allen, 1959; von Frisch, 
1967a). 

Trembling dance. The legs of the bee twitch, causing the 
body to quiver and stagger around in random directions. 
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This behavior is uncommon and has no visible effect on 
nestmates (von Frisch, 1967a). Several lines of evidence 
suggest that it is pathological, being caused by poisons 
picked up during foraging trips or even by a neurotic state 
of the kind induced experimentally by Florey (1954). I 
have seen a similar phenomenon in laboratory colonies 
of the ant Pogonomyrmex badius. Occasionally a worker 
“freezes,” its appendages straighten, and it trembles 
lightly for a few minutes. This behavior has a distinctly 
abnormal appearance and no visible effect on other 
workers. 

In the foregoing account of the dances of the honeybee, 
I have summarized those aspects of the subject that are 
most relevant to a comparative treatment of insect social 
behavior. Most of the vast available documentation has 
been deliberately omitted in this one particular case. I 
have also left out a great deal of additional information 
on lesser aspects of the dances and the underlying 
chemosensory behavior that does not bear directly on 
social organization. The interested reader is referred to 
von Frisch’s recently published master work Tanzsprache 
und Orientierung der Bienen (1965) or its English transla- 
tion by Chadwick (1967). 
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The Role of Surface Pheromones 


The recognition of nestmates and the close bodily in- 
terplay dependent on it together form much of the central 
repertory of social life. The underlying behavior is poorly 
understood because it is controlled in large part by phe- 
romones that are at once typically complex, present only 
in extremely small quantities, and for various other rea- 
sons difficult to separate and bioassay. Other pheromone 
classes, in particular those that influence caste determi- 
nation and those that are transmitted through the air to 
attract or alarm, have proved more tractable, even yield- 
ing in a few cases to complete chemical and biological 
analysis. In contrast, the substances employed in recogni- 
tion, food exchange, and perhaps also regurgitation are 
“surface pheromones,” that is, they generate such shallow 
active spaces in air that they must be perceived by contact 
chemoreception or a close approach to it. They are, fur- 
thermore, usually effective only in the complex and deli- 
cate stimulus context in which they function in the normal 
life of the colony. When removed from the other surface 
odors or masked by alien substances of the kind employed 
in conventional extraction techniques, they no longer 
produce the same behavioral effects. At present we lack 
the suitable extraction techniques and bioassays to permit 
the study of the chemistry of surface pheromones, but 
there is no reason to believe these substances will be 
permanently intractable. Entomologists have, meanwhile, 
come to understand the purely behavioral aspects reason- 
ably well and in some cases have begun to characterize 
indirectly the chemical and auxiliary stimuli that control 
recognition. 


Colony Odors 


In all of the social insects recognition of a nestmate 
seems outwardly a casual matter, usually no more than 
a pause and sweep of the antennae over the other’s body. 
There is little sign of any notable ability to discriminate 
odors. The magnitude of this ability is revealed un- 
mistakably, however, whenever an alien insect is en- 
countered within the nest. If the intruder belongs to a 
different species, it is almost always attacked, violently and 
without hesitation. If it is a member of the same species 
but from a different colony, the hostility it evokes falls 
somewhere within a broad gradient of responses. At one 
extreme, the insect can be overtly accepted but offered 
less food until it has time to acquire the colony odor. This 
subtle distinction, involving only the rate of exchange of 
liquid food, was first discovered by von Frisch and Rösch 
(1926) in honeybees and has since been used as the basis 
of a sensitive bioassay in studies of colony odors in ants 
by Lange (1960a, 1967) and in vespine wasps by Mon- 
tagner (1963a,b) and Montagner and Courtois (1963). In 
the next higher degree of hostility, the alien is intensively 
investigated by workers it encounters; there is no attack, 
and acceptance comes with time. In the most frequent, 
and violent, response, the alien is swiftly inspected, at- 
tacked, and killed or driven from the nest. The method 
of attack varies greatly among species. In the honeybees, 
the social wasps, and those ants equipped with a well- 
developed sting, the worker seizes the alien by some pro- 
truding part of the body and attempts to insert its sting 
through an intersegmental membrane. Species equipped 
with chemical sprays, such as dolichoderine and formicine 
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ants along with a few of the higher termites, often combine 
these defensive substances with biting and pulling. Species 
of termites and ants that possess a mandibulate soldier 
caste rely heavily on the mandibular strikes of these in- 
sects (see Chapter 8). Although soldiers are typically the 
most sluggish caste and least responsive to ordinary min- 
ute-by-minute communication within the colony, they are 
very sensitive to alien colony odors, and their true function 
is quickly revealed when the nest is invaded. 

How can we be sure that recognition is based on odor 
and not on some deviation in behavior characteristically 
shown only by aliens? The idea of such a distinctive 
behavior pattern is not at all farfetched. Workers that 
invade other honeybee colonies to steal food, sometimes 
called “robber bees,” do have a distinctive flight, and this 
fact has led such observers as Cale (1946), Adam (1951), 
and Butler and Free (1952) to conclude that behavior, 
rather than odor, is the basis of nestmate recognition. 
However, abundant evidence exists to indicate that rec- 
ognition is based principally, if not exclusively, on colony 
odor. Rau (1930) observed that workers of Polistes are 
hostile to both live and dead workers from other colonies 
but not to the corpses of nestmates. Free himself (1958) 
later used the same phenomenon in bumblebees to devise 
a simple but convincing test of the role of odor. He found 
that workers of Bombus agrorum and B. lucorum sting 
anesthetized alien workers introduced into their nest but 
not anesthetized nestmates. Moreover, when nestmates 
were left in an alien nest for one to two hours and then 
returned to their own colony, they were attacked. Kalmus 
and Ribbands (1952) devised a more elaborate approach 
to demonstrate the existence of colony odors in the 
honeybee. They made use of an earlier discovery of von 
Frisch and Rôsch (1926) whereby workers from unrelated 
colonies were trained to collect sugar water from two 
different dishes only a few feet apart, and each group 
attracted recruits predominantly from its own colony. 
Kalmus and Ribbands refined this Zwei- Völker- Versuche, 
as the German experimentalists call the procedure. A pair 
of feeding dishes, a and b, were set up approximately 1 m 
apart, and two colonies of honeybees, A and B, were 
placed about 50 m away. A group of 50 bees from colony 
A were first trained to feed from dish a and marked with 
spots of white paint daubed on their thoraxes, all in the 
course of a single day. During this time bees from colony 
B were not allowed to fly. On the following day, colony 
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A was confined at home, and 50 bees from colony B were 
trained at dish b and marked with daubs of blue paint 
on their thoraxes. As soon as the B colony members were 
marked, both a and b dishes were filled, and both colonies 
were allowed to fly. Newcomers to dish a were then 
marked with white paint on their abdomens (to distinguish 
them from the original scouts), and newcomers to dish b 
were similarly marked with blue paint. When about 100 
workers were labeled in this fashion, the experiment was 
stopped, the hives were opened, and the distribution of 
white-marked and blue-marked bees was recorded. In 
repeated trials it was found that A workers went predomi- 
nantly to dish a; B workers, to dish b. The conclusion 
drawn was that like attracted like at the food dishes, and 
that the only cue available to the bees was a difference 
in colony odor (see also Ribbands, 1956). The obvious flaw 
in the experiment, as outlined so far, is that some other 
cue, for example a difference in the color, or even in the 
odor, of the paint marks, could have sufficed. This possi- 
bility was eliminated by the results of a second experi- 
ment. When Kalmus and Ribbands fed two colonies on 
the same diet, presumably reducing or abolishing a prin- 
cipal source of colony odor difference, the bees mixed 
freely at the two dishes. 

The fact that such experimentation is still in a relatively 
primitive state reflects the delicacy of the subject rather 
than the poverty of ideas about it. In fact, the very exist- 
ence of colony odors in the vast majority of social insect 
species remains a supposition only, supported by the 
observation that hostility among aliens ordinarily follows 
upon antennal inspection (hence, chemoreception) and 
does not depend on any other forms of behavior or sensory 
modalities immediately obvious to the human observer. 
It is also true that, within a few species, hostility among 
colonies is negligible or absent. In Dialictus versatus, a 
primitively social halictine bee, alien bees are freely ad- 
mitted by guards if they make the mistake of approaching 
the wrong nest entrance. Segregation of colonies in this 
species depends on the homing ability of the individual 
foragers (Michener, 1966b). Workers of the halictine 
Evylaeus marginatus are also freely interchangeable 
among nests (Plateaux-Quénu, 1962), indicating that the 
absence of a colony odor or other form of nestmate rec- 
ognition is a primitive trait in social bees generally. Yet 
specific odors from the nest environs seem to be implicated 
in the homing. Michener (1960) observed females of the 
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solitary anthophorine bee Amegilla salteri enter a labora- 
tory containing earth and cells from an Amegilla nest 
aggregation and fly back and forth over this material, even 
when it was completely hidden from sight. Similarly, Butler 
(1965) observed females of solitary Andrena being attracted 
to nest sites previously unseen by the bees. 

Lack of colony recognition occurs in a few higher social 
insects also. The colonies of some ant species, such as 
members of the Formica exsecta group, intermingle freely, 
so that it is appropriate to speak of any local, cohesive 
population as one large colony. To be more exact, it is 
inappropriate to attempt to distinguish among colonies at 
all, even at the population level. The absence of intra- 
specific colony odor in ants, unlike its absence in some 
halictid bees, has clearly been derived as a secondary 
condition in evolution. A well-marked hostility among 
colonies, seemingly based on odor, is characteristic of the 
very primitive ant genus Myrmecia (Haskins and Haskins, 
1950a), and it is widespread in other primitive ant groups. 
It is my impression, from many fragmentary accounts in 
the literature, that colony recognition and hostility is 
widespread, if not universal, in the social wasps. The same 
is true for termites, although the very primitive Australian 
species Mastotermes darwiniensis has a sprawling, diffuse 
nest structure that may indicate the absence of behavioral 
colony boundaries. 

The chemical nature of colony odors is still quite un- 
known. Several intriguing generalizations about them can 
be drawn from less direct, behavioral observations, how- 
ever. First, it has been reasonably well established that 
at least some of the distinctive elements in colony odor 
are drawn more or less directly from the environment. 
Kalmus and Ribbands (1952) and Ribbands, Kalmus, and 
Nixon (1952), using the Zwei-Völker technique just de- 
scribed, were able to demonstrate the pronounced effect 
of diet on nestmate recognition in honeybees. In a first 
set of experiments, single colonies were divided into por- 
tions, and each group was fed a different kind of honey. 
In a short time workers were able to discriminate members 
of their own group from members of other groups. In a 
second set of experiments, the opposite effect was 
achieved. All of the food supplies were removed from 
several distinct colonies, and their hives were taken to a 
Welsh moor where they had access only to a single species 
of flowering plant, namely ling (Calluna). Every one of 
the colonies thereafter lost the ability to discern alien 
workers. The hypothesis offered by Ribbands, Kalmus, 
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and Nixon is that odorants associated with nectar and 
honey are somehow passed to the epicuticle, either in pure 
or metabolized form, and that the bees have the ability 
quickly to learn, and relearn, subtle differences in the 
epicuticular odor blends. This idea is further supported 
by experiments that have revealed a powerful sensitivity 
to differences in artificial odor blends on the part of 
worker bees (Ribbands, 1955; von Frisch, 1967a). Renner 
(1960) subsequently repeated the Kalmus-Ribbands ex- 
periment and confirmed the principal result. He was, 
moreover, able to refine the technique in a way to show 
that odors can be picked up directly by absorption in the 
cuticle while not requiring ingestion of odor-bearing sub- 
stances. When black treacle was placed in hives in such 
a way that the bees could not feed on it, its presence alone 
was enough to create a distinctive colony odor. 
Lecomte (1952) and Chauvin (1968d) performed a re- 
lated experiment on honeybees with different results. 
Chauvin summarizes the situation as follows: “If you take 
a hundred or so bees from any one hive and put them 
into a cage on different sides of a sheet of glass dividing 
it, you can see that if on the first day you draw out the 
glass the bees mingle without difficulty; but if you do it 
on the second day fights start, which become fierce and 
end in extermination if the mixing of the original sisters 
is put off to the fourth day.” The effect is claimed to be 
just the same whether the two portions are fed on the same 
or different foods during the period of separation. 
Lecomte and Chauvin have offered a genetic hypothesis 
in opposition to the acquired odor hypothesis of Ribbands 
and his co-workers. They point out that honeybee queens 
are typically inseminated by multiple males, and, as a 
result, the worker offspring are genetically heterogeneous. 
(In fact, a large proportion are half sisters.) It follows that 
samples of workers taken at random from the same colony 
must differ to some extent in gene frequencies from each 
other. If fragments of the same colony are isolated in 
addition, these genetic differences might generate average 
differences in the metabolic production and absorption of 
epicuticular odorants which, in turn, would be perceived 
and acted on by the members of the various factions. 
Köhler (1955) performed an experiment not very 
different from that of Lecomte and Chauvin, but obtained 
results that seem to offer support for the opposite inter- 
pretation. When he fed three adjacent colonies on sugar 
solutions flavored with the same substances, workers 
began penetrating and robbing other hives without oppo- 
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sition from the guard bees. When the colonies were then 
fed on sugar solutions containing different scents, how- 
ever, the robbers came under attack by the guard bees. 

To summarize this conflicting information, I believe that 
the evidence strongly indicates that the colony odors of 
honeybees are at least in part acquired from the environ- 
ment and that the contretemps created by the Lecomte- 
Chauvin experiments can be provisionally explained 
without rejecting their conclusions outright. One expla- 
nation to be considered is that workers are simply more 
sensitive to odor differences; in other words, their aggres- 
sive thresholds are lower when they are suddenly mixed 
in large numbers in the interior of their own nests—as 
in the Lecomte-Chauvin procedure. A second possible 
explanation is that the use of different genetic strains of 
bees, or of different odorants, could cause variation in 
response sufficient to include the kind of neutrality re- 
ported by Ribbands and his co-workers and Kohler. 

Meanwhile, the existence of directly acquired compo- 
nents in the colony odors has been unambiguously docu- 
mented in other social insects. When Free (1961a) con- 
fined anesthetized bumblebee workers next to the combs 
of strange colonies or suspended them in cages above the 
combs for periods of one or two hours before returning 
them to their home nests, they were attacked by their own 
sisters. It seems to follow, as Renner’s experiments also 
indicated in the case of the honeybee, that the bumblebee 
nest odors are acquired at least in part by direct absorp- 
tion of odorants into the cuticle. A similar result was 
obtained by Lange (1960a) in his studies of the ant For- 
mica polyctena. Using the rate of exchange of liquid food 
by regurgitation among worker groups as a sensitive indi- 
cator of the degree of recognition and acceptance among 
the workers, he showed that differences in either diet or 
nest material are enough to cause differences in colony 
odor. His results might be explicable wholly as the out- 
come of direct absorption of odorants into the cuticle since 
odorants in food can be picked up as food is exchanged 
in regurgitation; the food need not have been assimilated 
by the digestive system first. This simpler explanation is 
supported by certain experiments performed much earlier 
by Lubbock (1894). When he placed pupae of Formica 
fusca or Lasius niger in an alien colony of the same species 
and then returned them to their home nest, they were 
attacked. Since pupae cannot be fed, the implication is 
that the new odor was absorbed directly by their cuticle. 

The available evidence concerning colony odors in 
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termites is much weaker. Andrews (1911) reported that 
alien Nasutitermes rippertii workers are treated with less 
hostility if washed in plain water or in an aqueous extract 
made up of whole workers from the colony into which 
the aliens are introduced. But there is no information on 
the source of the colony odor in this species or, to the best 
of my knowledge, in any other termite species. 

No evidence has yet been adduced that any component 
of the colony odor originates as a secretion from an exo- 
crine gland. The hypothesis of Buttel-Reepen (1915) that 
colony odor in the honeybee originates in the Nasanov 
gland, an idea favored by many later writers, now seems 
to have been firmly negated by the experiments of Renner 
(1960). In a similar vein, Carminda da Cruz-Landim 
(1963) suggested that the mandibular gland is the source 
of the colony odors in the meliponine genus Trigona, but 
she provided no experimental evidence. Janet (1898) 
speculated that the colony odor of ants originates in the 
metapleural gland. W. L. Brown (1968) has persuasively 
extended this idea, pointing out that the gland is reduced 
or lost in just those castes and species that show the most 
signs of possessing a neutral odor, which in effect is no 
colony odor at all. But this argument does not eliminate 
the possibility that the metapleural gland functions in 
some other social manner that produces the observed 
correlates, and it overlooks the fact that at least some of 
the components of colony odor in ants have already been 
demonstrated to originate more or less directly from the 
environment. Recent experiments by Maschwitz, Koob, 
and Schildknecht (1970) also indicate that the metapleural 
gland secretion is strongly fungistatic and bacteriostatic. 
In Atta sexdens one component has been identified, 
phenylacetic acid, of which an average of 0.7 ug is present 
in each gland at any given moment. Still another function 
has been reported in the African ponerine Paltothyreus 
tarsatus by Sudd (1962). The metapleural gland secretion 
of this species possesses a strong odor and is said, on the 
basis of rather unconvincing evidence, to serve as an alarm 
pheromone among workers. 

Colony odors probably possess both innate and ac- 
quired components. Innate components are most likely to 
operate at the level of the species and above. It is a rule 
among ants that, where the colonies of a given species 
show any degree of hostility among themselves, they will 
invariably show a high degree of hostility to all colonies 
belonging to another species. Furthermore, no one has 
succeeded in mixing colonies of hostile species merely by 


Chapter 14 


feeding them the same diet or keeping them in nests 
constructed of the same materials. Brian (1956c) has pro- 
vided an interesting fragment of evidence which may 
indicate that the odors of alien species are more quickly 
perceived than colony odors of the same species. He 
noticed that workers of Myrmica ruginodis respond to 
queens belonging to other Myrmica species over a dis- 
tance, but react to queens of their own species only 
following contact chemoreception. In some cases geneti- 
cally-based odor differences probably exist among colo- 
nies of the same species as well. When Wallis (1962) 
isolated groups of Formica fusca from the same colony 
for seven months, and then recombined them, the degree 
of hostility was only slightly greater among members of 
groups fed on different diets than among those fed on the 
same diet, and it was far less than when the workers of 
either group were placed with workers from a different 
colony altogether. The crucial experiment permitting the 
quantitative measurement of innate versus acquired com- 
ponents in colony odors has yet to be designed. Informa- 
tion is also lacking on the total number of distinct colony 
odors that can exist in a population of social insects. The 
question must be raised whether every colony of a given 
territorial species can recognize as an alien every other 
colony among, say, the millions of colonies belonging to 
the same species. Or whether there is, instead, a finite 
number of distinguishable “odor groups” for each species, 
perhaps in the hundreds or thousands. If the latter is the 
‚case, it should be possible to combine a certain number 
of colonies taken directly from the field without any show 
of aggressiveness on the part of the workers. Hangartner 
(personal communication) has in fact found this to be true 
in the European ants Lasius fuliginosus and L. niger. It 
remains, however, for systematic surveys to be under- 
taken. 

Learning apparently plays a key role in the recognition 
of colony odor, at least among colonies belonging to the 
same species. Forel (1874) created mixed colonies in the 
ant genus Formica by placing pupae of different species 
together and allowing them to eclose in the absence of 
the adult ants. Later Adele M. Fielde (1903) achieved the 
same remarkable result by combining “callow” workers 
within twelve hours of eclosion. She went much further 
than Forel, obtaining mixed colonies of such extremely 
disparate species as Amblyopone pallipes (subfamily 
Ponerinae), Aphaenogaster rudis (subfamily Myrmicinae), 
and Formica fusca (subfamily Formicinae). The implica- 
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tion to be drawn from this demonstration is that newly 
eclosed workers accept whatever odors they first encoun- 
ter, even if the odors are very different from those that 
they would normally experience in undisturbed nests. 
Very likely this form of learning is imprinting. that 
is, a fixation on certain stimuli encountered during an 
early, initial interval in life. Imprinting has been well 
documented in young vertebrates, but its existence can 
only be said to be suggested by the imperfect data on 
colony odor in ants. Soulié (1960b) has provided a second 
form of evidence for the existence of learning in colony 
recognition. When he combined fragments of two colonies 
of the same species of Crematogaster, fighting ensued, but 
gradually the workers calmed down, accepted one another, 
and finally united as a single colony. When additional 
workers from the older source colonies were then intro- 
duced into the mixed colonies, they were attacked by both 
the members of other colonies and their own former 
nestmates. This result, if confirmed, can only be inter- 
preted as a relearning of colony odor by the workers 
placed into the mixed colonies. 

Fielde (1901, 1904a, 1905) discovered that the odor of 
workers changes with age. Workers of Aphaenogaster rudis, 
segregated at the pupal stage and kept apart as a group 
until from 16 to 20 days of adult life, accepted additional 
alien rudis workers up to 40 days in age, but attacked 
workers older than that as well as queens. * 

If the conditions are extreme enough, even older ant 
workers can be habituated to alien species and mixed 
colonies produced. Kutter (1963, 1964) found that when 
he placed colonies of Lasius fuliginosus and various spe- 
cies of Formica (exsecta, pratensis, rufa, truncorum) in 
containers close together and connected them by wooden 
bridges, intense fighting broke out just as expected. But 
eventually the surviving workers grew more friendly, and 
finally they accepted one another, even going so far as 
to cooperate in nest building and to engage in mutual 
grooming and feeding. The Lasius workers nevertheless 
remained hostile to the Formica queens and hunted them 
down, so that in time the former “alliance-colony” turned 
into a pure Lasius colony. This situation is not radically 


*Fielde’s work on colony odor and odor reception has been reviewed 
by Forel (1928) and, in a less thorough but more critical manner, by 
Ribbands (1965). Her results, while crude, variable in quality, and often 
encumbered by elaborate hypotheses, are, nevertheless, the most exten- 
sive published to date and contain much suggestive information that 
should help future investigators. 
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different from the true life cycle of L. fuliginosus and other 
temporarily parasitic species of Lasius and Formica, in 
which the queen penetrates the colony of another species 
belonging to the same genus, the host queen is killed, and 
the colony finally comes to be populated wholly by the 
parasite queen and her offspring. 

Finally, an important feature of aggressiveness among 
alien social insects is that it varies greatly in intensity 
within the same colony as a function of other social stim- 
uli. The workers of social insect workers generally lose 
most or all of their hostility when removed from the nest, 
unless they are defending a food source or are still in the 
company of large numbers of their nestmates. Honeybee 
workers become increasingly intolerant of alien workers 
entering their hive as food supplies become scarcer. 
Workers of all kinds of social insects also become more 
receptive if deprived of their queens. To cite an extreme 
example, colonies of the army ant Eciton, normally hostile 
to each other, will readily fuse if one has been deprived 
of its queen for a few days. 


Recognition of Castes and Life Stages 


The capacity of single workers of insect colonies to 
classify other individuals goes far beyond the mere testing 
of colony odor. In order for the society to function, 
workers must be able to distinguish the caste and life 
stages of nestmates and act accordingly. Nest queens, for 
example, are treated very differently from other individ- 
uals, including virgin members of the same caste. In larger 
colonies they are as a rule heavily attended by nurse 
workers, who constantly lick their bodies and offer them 
regurgitated food or trophic eggs. Three unique phero- 
mones have been implicated in this special treatment in 
the case of the honeybee: trans-9-keto-2-decenoic acid, a 
mandibular gland substance that causes some attraction; 
trans-9-hydroxy-2-decenoic acid, a second mandibular 
gland substance that causes clustering; and an unidenti- 
fied volatile attractant from Koschevnikov’s gland (see 
Chapter 12). In the more elementary societies of bumble- 
bees (Bombus) and paper wasps (Polistes), certain indi- 
viduals are recognized as dominant by others and given 
preference in food exchange and easier access to brood 
cells. Those with the greatest ovarian development recog- 
nize each other as rivals and display open hostility to each 
other. Workers of stingless bees engaged in brood cell 
construction give way at the approach of the nest queen 
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and permit her to eat the provender placed in the cell, 
as well as any of their own eggs previously laid on top. 
Different castes of the termite genus Kalotermes manu- 
facture widely differing quantities of the principal volatile 
attractant 2-hexenol and hence vary in their capacity to 
serve as foci of clustering. In the social Hymenoptera, 
males are generally discriminated against as a group. They 
are offered less food by the workers (all of whom are 
female), and in times of starvation they are frequently 
driven from the nest or killed. 

In addition to these instances of caste identification by 
workers, there exists abundant evidence of an even finer 
ability to detect differences among life stages. In the rela- 
tively primitive myrmicine ant genus Myrmica, workers 
are seemingly not capable of distinguishing the tiny first 
instar larvae from eggs, so that when eggs hatch the larvae 
are left for a time in the midst of the egg pile. They feed 
during the first instar by breaking into a single adjacent 
egg. As soon as they molt and enter the second instar, 
however, the larvae are removed by the workers and 
placed in a separate pile (Weir, 1959a). In the third instar 
the larvae vary greatly in size; the smaller ones are des- 
tined to metamorphose into workers, and the larger ones 
retain, for a time at least, the ability to develop into 
queens. If a nest queen is present, the large larvae receive 
proportionally less food, and they are also licked and 
bitten more by the workers, an action that may further 
reduce their growth. The ultimate effect is that in the 
presence of a nest queen fewer new queens are produced 
(Brian and Hibble, 1963). The tendency to segregate eggs, 
larvae, and pupae into separate piles is a nearly universal 
trait in ants. Workers of many of the species are, further- 
more, able to distinguish larvae of two or more size classes 
(Le Masne, 1953). The same trait is possessed to an ex- 
treme degree by the primitively social allodapine bees 
(Skaife, 1953; Sakagami, 1960). Ant workers, and to some 
extent ant larvae, are able to distinguish trophic eggs 
(special eggs produced for consumption) from the normal 
eggs destined to develop into larvae. In Monomorium 
pharaonis the workers are further able to tell male eggs 
from female eggs (Peacock et al., 1954). 

In most cases identification appears to be by antennal 
contact. This fact in itself suggests chemoreception, even 
though Brian (1968) has speculated that several age classes 
of Myrmica larvae might also be distinguished by certain 
differences in hairiness which are quite apparent to the 
human observer. There are at least two examples, how- 
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ever, in which the communication appears to be by means 
of odors transmitted over a distance. When workers of the 
ant Pogonomyrmex badius lay trophic eggs, they search 
for hungry larvae while sweeping their antennae through 
the air. When they come within about a centimeter of the 
head of the larva they move directly to it and unerringly 
place the egg onto its mouth parts (Wilson, unpublished). 
Free (1965, 1969) has demonstrated that the smell ot the 
brood alone causes honevbee workers to forage for pollen, 
The effect is said to be enhanced if the bees are given 
direct access to the larvae. 

Young honeybee queens have a remarkable ability to 
identity each other by special sounds, a phenomenon 
discovered by Hanssen (1945) and corroborated by 
Wenner (1962), After the old queen has lett with a swarm 
of workers (the “preswarm™), many workers remain in the 
hive, together with several queens still developing in the 
closed roval cells. The first voung queen to emerge pro- 
duces at intervals a “piping” or “tooting™ (Türen) as it has 
been variously called; queens that have eclosed to the 
adult stage but remain in their cells respond with a seem- 
ingly deeper “quacking” (Quaken). The duet may con- 
tinue for days. The sounds are the loudest produced by 
honeybees under any condition and are easily perceived 
by the human ear. Both beekeepers and entomologists 
believe that the communication prevents the premature 
emergence of the supernumerary queens, which would 
result in mortal combat with the voung queen already on 
the outside. After the latter individual has mated and 
departed with a second group of workers (the “after- 
swarm’), it is safe for another queen to emerge from her 
roval cell. Whether this interpretation is true or not, the 
sound communication has at least one other function. 
Simpson and Cherry (1969) have recently shown that 
Piping invariably precedes swarming and that swarming 
can even be induced with recorded piping sounds. 

Hansson estimated the average frequenev of piping to 
be 435-493 eveles per second, increasing with the age of 
the bee, and the average frequency of quacking as 323 
cycles per second. Simpson (1964 reports that the sounds, 
like those emitted during the waggle dance of the worker. 
are produced by contractions of the flight muscles and 
transmitted to the substrate by pressing the thorax against 
it. Using a tone generator. Hansson imitated piping and 
quacking sounds and transmitted them into a hive near 
both free and enclosed queens. Both of his sounds evoked 
piping by the free queen and quacking by the enclosed 
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queens, but he was unable to prevent emergence of the 
enclosed queens, leading to the inference that some other 
stimulus is essential for this etfeet, perhaps the odor of 
the free queen. 

Wenner, who apparently worked without knowledge of 
Hansson’s report, obtained somewhat different results. He 
concluded that the piping tones are about 1.300 eveles per 
second, while the quacking tones are much higher, as 
much as 2,500 eveles per second. The deeper sound trom 
quacking that the human ear perceives is apparently due 
to a strong contribution trom lower overtones. Wenner 
also induced responses by playing artificial sounds into 
the hive. but, in contradiction to Hansson’s finding. he 
could obtain the result only with artificial piping. 


The Recognition and Transport of the Dead 


The interiors of the nests of social insects, and in par- 
ticular the brood chambers, are kept meticulously clean. 
The workers of most species also tamp down the walls 
of the nests, and those belonging to some species of bees, 
Wasps, and termites ovat the nest walls with secretions that 
harden to form a crust-like surface. In the halictid bees 
the coat is waterproof and is believed to omginate at least 
in part from the Dutour’s glands of the females (Batra. 
LWN, Alien objects, including particles of waste material 
and defeated enemies, are tvpicaliv dragged out of the 
nest and dumped onto the ground nearby, When honev- 
bees are unable to remove such objects, they cover them 
with propolis. Ant workers respond to disagreeable but 
immovable objects by covenng them with pieces of soil 
and nest material. This same behavier has been meditied 
to serve a new function in some of the species that keep 
aphids and other honevdew-producing “cattle” outside the 
nest: they enclose their charges in chambers irregularly 
constructed of soil or vegetable matter. In a few species, 
such as some of the members of Cremaregasıer, the be- 
havior pattern has advanced to the point where an elabo- 
Tate carton shelter is constructed from chewed vegetable 
fibers (Wheeler, 1919a). Ant workers also oeeasionally trv 
to cover small peels of water or other liquid in the nest 
vicinity. The casual observation of this phenomenon has 
misled some authors to report erroneously that ants con- 
struct “bridges” to cross obstacles. 

Social insects are especially fastidious when dealing 
with corpses. The dead of social wasps and bees are 
dragged out of the nest and abandoned (Lubbock, 1894). 
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The dead of ants are either eaten (see the following section 
on cannibalism) or carried out and discarded. Some kinds 
of ants, for example, army ants of the genus Eciton 
(Rettenmeyer, 1963a), pile the dead among the general 
refuse in kitchen middens located a short distance from 
the nest or bivouac, while others, including the fungus 
growers of the genus Atta (Moser, 1963), use deserted 
nest chambers or galleries. One species, the predatory 
Strumigenys lopotyle of New Guinea, piles fragments 
of corpses of various kinds of insects in a tight ring 
around the entrance of its nest in the soil of the rain 
forest floor (Brown, 1969). On the other hand, despite the 
claim of some authors in both ancient and early modern 
times (Wilde, 1615), there is no creditable evidence of the 
existence of “ant cemeteries,” to which only the bodies 
of fallen nestmates are consigned. Nor is there any docu- 
mented case of ants burying their dead in anything ap- 
proaching a ritualistic or organized fashion. The transport 
of dead nestmates from the nest is nevertheless one of the 
most conspicuous and stereotyped patterns of behavior 
exhibited by ants. A full description of the behavior is 
given, for example, by McCook (1879b) in his monograph 
on the harvesting ant Pogonomyrmex barbatus. Wilson, 
Durlach, and Roth (1958) analyzed the stimuli that release 
this “necrophoric” pattern in Pogonomyrmex and Sole- 
nopsis. When a corpse of a Pogonomyrmex badius worker 
is allowed to decompose in the open air for a day or more 
and is then placed in the nest or outside near the nest 
entrance, the first sister worker to encounter it ordinarily 
investigates it briefly by repeated antennal contact, then 
picks it up and carries it directly away toward the refuse 
piles. In the laboratory nests we used, the most distant 
walls of the foraging arenas were less than a meter from 
the nest entrances, so that the ants had built the refuse 
piles against them. The distance was evidently inadequate 
to allow the rapid consummation of the corpse removal 
response because workers bearing corpses frequently 
wandered for many minutes back and forth along the back 
wall before dropping their burdens on the refuse piles. 
Others were seen to approach the back wall unburdened, 
pick up the corpses already on the piles, and transport 
them in similarly restless fashion before redepositing 
them. We were, therefore, provided with a distinctive and 
easily repeated bioassay. It was soon established that bits 
of paper treated with acetone extracts of Pogonomyrmex 
corpses were treated just like intact corpses by both P. 
badius and Solenopsis saevissima workers. Separation and 
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behavioral assays of principal components of the extract 


implicated long-chain fatty acids and their esters. Fur- 


thermore, it turned out that oleic acid, a common de- 
composition product in insect corpses, is fully effective. 
M. S. Blum (personal communication) has subsequently 
identified this substance in Solenopsis corpses. On the 
other hand, many other principal products of insect de- 
composition, including short-chain fatty acids, amines, 
indoles, and mercaptans, were ineffective. When Pogono- 
myrmex corpses were thoroughly leached in solvents, 
dried, and presented to colonies, they were seldom trans- 
ported as corpses, but were more commonly eaten instead. 
Thus, the worker ants appear to recognize corpses on the 
basis of a limited array of chemical breakdown products. 
They are, moreover, very narrow minded on the subject. 
Almost any object possessing an otherwise inoffensive 
odor is treated as a corpse when daubed with oleic acid. 
This classification even extends to living nestmates. When 
we put a small amount of the substance on live workers, 
they were picked up and carried, unprotesting, to the 
refuse pile. After being deposited, they cleaned them- 
selves and returned to the nest. If the cleaning was not 
thorough enough, they were sometimes mistaken a second 
or third time as corpses and taken back to the refuse piles. 

Perhaps even more remarkable than the simplicity of 
this control of necrophoric behavior is the tendency of the 
workers of some ant species to remove themselves from 
the nest when they are about to die. I have repeatedly 
observed that injured and dying P. badius loiter more in 
the vicinity of the nest entrance or outside the nest than 
do normal workers. Injured Solenopsis saevissima, partic- 
ularly those that have lost their abdomens or one or more 
appendages, tend to leave the nest more readily when it 
is disturbed. Marikovsky (1962) reports that workers of 
Formica rufa fatally infected with the fungus Alternaria 
tenuis leave the nest and cling fast to blades of grass with 
their mandibles and legs just before dying. 


Cannibalism and Trophic Eggs 


In all termite species so far investigated the colonies eat 
their own dead and injured (Ratcliffe et al, 1952). Can- 
nibalism is in fact so pervasive in termites that it can be 
said to be a way of life in these insects. The primary 
reproductives of some of the African termitids perform 
ritualized cannibalism (Grassé, 1942). In Cubitermes 
ugandensis, for example, the royal couple first build and 
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seal their nuptial cell, then they eat from one to five of 
the terminal segments of each others antennae. About 
three days later they copulate for the first time. In the 
subsequent rearing of the first brood, the couple consume 
some of the eggs and young larvae, as well as all of the 
egg shells and larval exuviae (Williams, 1959a). Buchli 
(1950) observed that workers of Reticulitermes lucifugus 
sometimes eat their nestmates even when the latter are 
apparently in a healthy condition. This happens when 
grooming is carried too far; the cuticle of a leg is broken, 
then the leg is eaten up, and, finally, the whole unfortu- 
nate animal is consumed. When supernumerary repro- 
ductives of Kalotermes flavicollis are produced in labora- 
tory colonies, they are soon pulled apart and eaten by the 
workers (Lüscher, 1952b). Winged reproductives of Cop- 
totermes lacteus prevented from leaving the nest on a 
normal nuptial flight are eventually killed and eaten by 
the workers (Ratcliffe ef al., 1952). In general, when alien 
workers chance into a nest belonging to a colony of the 
same species, they are first disabled, typically by a man- 
dibular strike from a soldier, and then consumed. Cook 
and Scott (1933) found that cannibalism became intense 
in colonies of Zootermopsis angusticollis when they were 
kept on a diet of pure cellulose and hence deprived of 
protein. When sufficient quantities of casein were added, 
cannibalism dropped almost to zero. It seems probable 
that the diets of termites are generally low in proteins even 
under natural conditions. If so, the degree of cannibalism 
exhibited by these insects, more intense by far than in any 
other social insect group, can be interpreted as a protein- 
conserving device. 

There are only a few records of worker ants cannibal- 
izing adult members of their own colonies. Creighton and 
Gregg (1954) observed workers of Paracryptocerus texanus 
eating an injured queen. It has been my impression that 
ants will eat other adult members, at least partially, if they 
are crushed to expose fresh fatty tissue, and queens are 
more likely to be attacked in this way than workers. In 
the majority of the many species belonging to all of the 
principal subfamilies which I have kept in the laboratory, 
intact corpses are usually discarded, partial eating of 
crushed corpses is uncommon or rare, and the total con- 
sumption of the dead is very rare. Workers of Solenopsis 
saevissima are exceptional in that they appear to consume 
a large part of their dead, at least under laboratory condi- 
tions. Social bees and wasps apparently do not engage in 
cannibalism of adults at all. 
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The eating of immature stages, by contrast, is common 
in the social Hymenoptera. In ant colonies all injured eggs, 
larvae, and pupae are quickly eaten. When colonies are 
starved, workers begin attacking healthy brood as well. 
In fact, there exists a direct relation between colony hun- 
ger and the amount of brood cannibalism which is precise 
enough to warrant the suggestion that the brood functions 
normally as a last-ditch food supply to keep the queen 
and workers alive. In the army ants of the genus Eciton, 
cannibalism has been apparently further adapted to the 
purposes of caste determination. According to Schneirla 
(1949a, 1952, 1953a), most of the female larvae in the 
sexual generation (the generation destined to transform 
into males and queens) are consumed by workers. The 
protein is converted into hundreds or thousands of males 
and several of the very large virgin queens. It seems to 
follow, but is far from proved, that female larvae are 
determined as queens with the aid of this special pro- 
tein-rich diet. Brian (1968) has suggested that brood con- 
sumption may be widespread in ants as a factor in queen 
determination, but the necessary physiological data have 
not been gathered to test the idea in even a preliminary 
fashion. According to Rettenmeyer (1963a), Eciton colo- 
nies also consume a fraction of the worker brood, but not 
nearly as much as in the case of the female sexual broods. 

Nest-founding queens of the social wasp Polistes 
fadwigae often invade one another’s combs and steal and 
eat the larvae (Sakagami and Fukushima, 1957a). The 
cannibalism of larvae and pupae by adults belonging to 
the same colony commonly occurs in temperate species 
of the wasp genera Polistes, Vespa, and Vespula, but usu- 
ally only in colonies that are in a state of decline in the 
fall (Janet, 1903; Duncan, 1939). As the proportion of 
workers to the nonproductive adult queens and males falls 
off during this time, the food supply of the colony declines, 
and the brood is increasingly neglected. Finally, the hun- 
gry adults begin to attack and eat the larvae and pupae. 
Predation of healthy larvae or pupae by larvae belonging 
to the same species is, on the other hand, almost non- 
existent in the social Hymenoptera. Eidmann (1929) ob- 
served a larva of the ant Formica fusca eating another 
larva in an incipient colony, but it was not ascertained 
whether the victim was injured or dead prior to the attack. 

Egg cannibalism (oophagy) is widespread in the social 
Hymenoptera, where it serves various purposes. In the 
more primitively social groups it is crude and exploitative 
in character. The alpha female of Polistes, for example, 
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eats the eggs laid by subordinate females so that only her 
progeny are reared (Heldmann, 1936a,b; Pardi, 1948; 
Gervet, 1964). Egg stealing and eating has been reported 
among the females of bumblebees, with the queen receiv- 
ing the lion’s share (Plath, 1934; Free and Butler, 1959), 
and it is commonplace in the primitively social halictine 
bee Dialictus zephyrus (Batra, 1964). 

In the higher social Hymenoptera oophagy has lost its 
competitive quality and has been transformed into an 
important form of food exchange among cooperating 
members of the same colony. When rearing their first 
brood, young queens commonly eat some of their own 
eggs or feed them to the first group of larvae. When 


colonies in a more advanced stage of growth are starved, — 


the eggs are the first brood stage to be eaten by the 
workers. First instar larvae of Myrmecia and Myrmica 
normally consume one or more eggs adjacent to them in 
the egg-microlarva pile before they molt to the second 
instar and are removed by the workers (Freeland, 1958; 
Weir, 1959a). The workers of many ant species have func- 
tional ovaries (Eidmann, 1928; Goetsch, 1937a; Ledoux, 
1949; Erhardt, 1962). In some species worker-laid eggs 
are usually consumed by the queen, larvae, and, less 
commonly, by other workers shortly after being laid; thus 
they deserve to be called “trophic” eggs (oeufs alimen- 
taire). Trophic eggs have been reported in a wide diversity 
of both primitive and advanced ant genera: Myrmecia 
(Freeland, 1958); Myrmica (Brian, 1953a); Pogonomyrmex 
(Wilson, unpublished); Leptothorax (Gösswald, 1933; Le 
Masne, 1953); Atta (Bazire-Benazet, 1957); Hypoclinea 
(Torossian, 1959); Iridomyrmex (Torossian, 1961);* Plagio- 
lepis (Passera, 1966); Formica (Weyer, 1929). The fre- 
quency with which trophic eggs are laid varies enormously 
among ant species. In Iridomyrmex humilis it is a rare 
event, while in Pogonomyrmex badius and Hypoclinea 
quadripunctata trophic eggs form the usual diet of the 
larger larvae and nest queens. As a rule among species, 
the more frequent the exchange of trophic eggs, the less 
frequent the exchange of liquid food by regurgitation. The 
two systems often occur in the same species, but their 
overall pattern of distribution among species is such as 
to suggest that they tend to replace each other in evolu- 
tion. In Pogonomyrmex badius the trophic eggs are 


*Torossian at first confused the phenomenon in Hypoclinea and 
Iridomyrmex with “proctodeal trophallaxis” of the kind that occurs in 
termites, but he later (1965) correctly identified the objects he had 
observed as trophic eggs. 
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misshapen and more flaccid than reproductive eggs. Those 
of Plagiolepis pygmaea are smaller in size as well, and they 
are formed when the trophocytes and follicular epithelium 
degenerate prematurely so that the oocyte remains small 
and fails to acquire a chorion (Passera et al., 1968). In 
Atta rubropilosa the oocytes even fuse together in masses, 
so that what emerges from the oviduct is an extraordinary 
trophic “omelette” (Madeleine Bazire-Benazet, 1957). 

Trophic eggs occur to a limited extent in groups of 
insects other than ants. Brooding mothers of the subsocial 
burrowing cricket Anurogryllus muticus normally lay and 
feed such eggs to their nymphs (West and Alexander, 
1963). The workers of many, perhaps all, of the melipo- 
nine bees lay trophic eggs in a ritualized manner as part 
of the process of building and provisioning a brood cell. 
In a typical sequence the nest queen approaches the newly 
constructed cell, eats the trophic egg just laid in it together 
with some of the stored provender, and then lays her own 
egg in the cell (Sakagami and Zucchi, 1967, 1968; Kerr, 
1969; see also Chapter 5). 


Trophallaxis (Liquid Food Exchange) 


Trophallaxis, the exchange of liquids among members 
of the same colony, plays a key role in the social orga- 
nization of most species of social insects. Even so, the 
general significance of the phenomenon has been exag- 
gerated by many earlier writers, and the very meaning 
of the word trophallaxis has become twisted until it is 
often a source of confusion rather than understanding. It 
is therefore necessary to start by disentangling the subject 
by means of a brief historical review. 

When a larva of a social wasp is fed by an adult, it 
almost invariably secretes a droplet of salivary fluid in 
return, which is then eaten by the adult. This form of 
exchange is easy to see; it was described as long ago as 
1742 by Réaumur and in more detail by du Buysson and 
Janet in 1903. Parallel observations were made by Grassi 
and Sandias (1893-1894) on termites and Wheeler (1918) 
on ants. It remained for Emile Roubaud (1916), on the 
basis of his studies of Belonogaster, Icaria, and Polistes 
in Africa, to draw the large conclusion from the observed 
facts: “The retention of the young females in the nest, the 
associations between isolated females, and the cooperative 
rearing of a great number of larvae are all rationally 
explained, in our opinion, by the attachment of the wasps 
to the larval secretion. The name oecotrophobiosis (from 


Chapter 14 


oıxoo, family) may be given to this peculiar family symbio- 
sis which is characterized by reciprocal exchanges of nu- 
triment between larvae and parents, and is the raison 
d’étre of the colonies of the social wasps. The associations 
of the higher vespids has, in our opinion, as its first cause 
the trophic exploitation of the larvae by the adults. This 
is, however, merely a particular case of the trophobiosis 
of which the social insects, particularly the ants that culti- 
vate aphids and coccids, furnish so many examples.” 

With the passage of time W. M. Wheeler has somehow 
acquired most of the credit for this idea, but his principal 
contributions to it were, first, to give it a new name, and, 
second, to confuse the subject totally, almost beyond 
recall. In his 1918 article on ant larvae, he objected to 
Roubaud’s use of the term “exploitation,” and he wrote, 
“As the relationship is clearly coöperative or mutualistic, 
I suggest the term trophallaxis (from roopn, nourishment 
and aAAarreıv, to exchange) as less awkward and more 
appropriate than ‘oecotrophobiosis.’” 

Otherwise, Wheeler agreed enthusiastically in all re- 
spects with Roubaud. Later, in his 1928 book, Wheeler 
wrote a most peculiar but interesting essay on the same 
subject. He was very disturbed by the fact that Erich 
Wasmann and his colleague, A. Reichensperger, had 
ridiculed his earlier paper in an attempt to bolster 
Wasmann’s own contradictory theory of symphilic in- 
stincts. In response, Wheeler stretched and qualified the 
trophallaxis concept to the point of virtual uselessness, 
stating that: “There is no doubt that the glandular secre- 
tions of social insects are emitted in greater volume at 
times of excitement, but since even the persisting individ- 
ual, caste, colony and nest odours are important means 
of recognition and communication, there is no reason why 
the odours should not be included with the gustatory stim- 
uli as trophallactic [page 243].” He went on to say that: 
“If we compare the distribution of food in the colony 
regarded as a superorganism with the circulating blood 
current (‘internal medium’) in the individual insect or 
Vertebrate, trophallaxis, as the reciprocal exchange of 
food between the individuals of the colony, may be com- 
pared with the chemical exchanges between the tissue 
elements and the blood and between the various cells 
themselves [pages 244-245] 

These two statements, of course, imply very different 
definitions, and the ambiguity persists through Wheeler’s 
protean writings on the subject. If we select the broadest 
definition allowed by Wheeler, illustrated in the first of 
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Lr Ant 


FIGURE 14-1. Larva of Vespula (Paravespula), showing the 
large salivary glands used to produce sugars for adult consump- 
tion: (aG) central duct of the salivary gland; (Ant) antenna; 

(d) dorsal ramus of the left salivary gland; (Da) intestine; (La) 
labium; (Lr) labrum; (Md) mandible; (Mü) opening of the 
gland; (uG) left confluent duct of the gland; (v) ventral ramus 
of the left gland (from Maschwitz, 1966a). 


the two statements, trophallaxis must be the equivalent 
of all of chemical communication in the modern sense. 
In 1946, T. C. Schneirla, having misunderstood Wheeler 
(a forgivable mistake), extended trophallaxis to include 
tactile stimuli also. It was then but a short step for Le 
Masne (1953) to suggest the reductio ad absurdum by 
defining trophallaxis as synonymous with communication: 
“By this extension, all the life of the society is encom- 
passed by the trophallaxis concept.” Now the term had 
become what Garrett Hardin has called a panchreston— 
a word covering a range of different phenomena and 
loaded with a different meaning to each user, a word that 
attempts to “explain” everything but explains nothing. 

Perhaps it would have been best if the term trophallaxis 
had just died at this point, but panchrestons seldom do. 
Most students of social insects now use the term in its 
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primitive sense, meaning simply the exchange of alimen- 
tary liquid, either mutually or unilaterally, and I propose 
that this is the usage we should keep. 

What is the function of larval trophallaxis defined in 
this way? A number of writers have denied the powerful 
role assigned it by Roubaud and Wheeler. Weyrauch 
(1936) postulated that larval regurgitation serves in the 
regulation of nest temperature and humidity. Brian and 
Brian (1952), on the basis of what appears to be incorrect 
experimental evidence (Maschwitz, 1966a), suggested that 
it has an excretory function. Spradbery (1965) hypothe- 
sized that larval fluid might serve secondarily as an aid 
to the intake and digestion of the relatively dry food 
provided them. The first solid clue was secured by 
Montagner (1963b, 1964), who found that males of 
Vespula (subgenus Paravespula) obtain nutrition from 
larval saliva. When queen rearing begins, the males are 
rebuffed by the workers in their begging attempts, and 
they then turn to larval secretions as their principal source 
of food. In chemical studies of the same species of Vespula 
(Paravespula), Maschwitz (1966a) confirmed that the lar- 
val salivary secretion is both attractive and nutritive. It 
contains an average of 9 percent trehalose and glucose, 
approximately four times the concentration in the larval 
hemolymph. Maschwitz claims that the sugars alone are 
enough to induce adult feeding, and there is no evidence 
of additional attractants. Amino acids and proteins are 
present in the saliva but at only one-fifth the concentration 
in the hemolymph. Uric acid and ammonia also occur only 
in small amounts. 

Montagner and Maschwitz both consider the larval 
secretions to represent a colony food reserve, serving 
exactly the same function as the ingluvial (crop) liquid 
passed among adults. The salivary glands are thus the 
functional analog of the crop of adult workers (see Figures 
14-1 and 14-2). Maschwitz has calculated that a microliter 
of larval saliva provides the energy to keep a worker 
Vespula alive up to 1.8 hours, and the sugar released by 
a large larva in a single “milking” suffices a worker for 
half a day. More recently, Ikan ef al. (1968) and Ishay 
and Ikan (1969) have added a fascinating new twist to 
this story. They discovered that not only do the larvae of 
the wasp species they studied in Israel, Vespa orientalis, 
supply the adults with salivary carbohydrates, but also 
that the larvae are the only colony members capable of 
converting proteins to carbohydrates in the first place. 
Only these individuals possess chymotrypsin and car- 
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FIGURE 14-2. Worker of Vespula (Paravespula) vulgaris 
feeding on the salivary secretion of a larva (from Maschwitz, 
1966a). 


boxypeptidase A and B. There is no evidence that the 
adults can engage in protein digestion at all. The larvae 
manufacture glucose, fructose, and sucrose, as well as 
unidentified trisaccharides and tetrasaccharides and feed 
them back to the worker nurses. The inability of the adult 
wasps to engage in gluconeogenesis is unusual among 
insects, and it was, of course, quite unexpected. 

The principal significance of the findings on the vespine 
wasps is, in my view, that they demonstrate for the first 
time that larvae can behave in an altruistic manner toward 
adults and that they thus contribute, by virtue of their 
behavioral patterns, to the homeostatic machinery of the 
colony. Their monopoly on gluconeogenesis shows that 
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wasp colonies have gone very far in arranging a biochem- 
ical division of labor between adults and young. At the 
same time, trophallaxis is seen to be not at all the driving 
force behind social evolution, as envisaged by Roubaud 
and Wheeler, but only one of a number of forms of com- 
munication and nutritive exchange that have been built, 
with variations, in the course of social evolution. It is 
curious that J. B. S. Haldane (in Huxley, 1930) very nearly 
guessed the situation correctly long before any facts were 
at hand. He pointed out that it would make sense for the 
larvae to exchange sugar, for which it has little use, for 
protein, which it absolutely requires. The reverse, of 
course, is true of the adult wasp. The demonstration of 
such a function does not, however, mean that it is neces- 
sarily the exclusive function. It is still possible that the 
larval regurgitation also serves in excretion or contributes 
to humidity and temperature control. These alternatives 
have not yet been adequately investigated. 

The transfer of regurgitated liquid, both among adults 
and between adults and larvae, occurs generally through 
the eusocial wasps, including the socially rather primitive 
Polistes (Morimoto, 1960). But behavioral surveys are not 
nearly complete enough to permit a guess as to whether 
the habit is universal (Roubaud, 1916; Montagner, 1964; 
Spradbery, 1965). We have, for example, no information 
on behavior within the nests of the primitively social 
sphecid Microstigmus comes or of most of the genera and 
species of the Polybiini. 

Trophallaxis is highly variable among species of bees, 
reflecting both the phylogenetic position of the species 
concerned and the constraints placed on it by its ecology, 
especially its nest form. In the bumblebees (Bombini), a 
primitively social group, the workers simply place pollen 
on the eggs or larvae, and very little direct contact occurs 
between adults and larvae. Furthermore, the exchange of 
liquid food among adults is extremely rare (Jordan, 1936; 
Anne D. Brian, 1954; Free, 1955b). The halictine bees seal 
their brood cells, but the females of at least some of the 
lower social species open the cells to add provisions at 
frequent intervals, while those of higher social species 
keep the cells open all the time and attend the larvae 
regularly (Suzanne Batra, 1964; Knerer and Plateaux- 
Quénu, 1966a). Even so, there is as yet no evidence that 
the adults directly regurgitate to the larvae or even to each 
other, and deliberate efforts to induce such exchange in 
laboratory colonies of Evylaeus duplex have failed (Saka- 
gami, 1960; Sakagami and Hayashida, 1968). Sealed 
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brood cells prevent the adults of stingless bees (Melipo- 
nini) from feeding the larvae, but regurgitation among 
adults is a common event (Sakagami and Oniki, 1963). 
On the other hand, the queen seldom receives food in this 
fashion, depending instead on ritualized robbing of the 
brood cells and consumption of eggs laid by workers prior 
to oviposition (Sakagami and Zucchi, 1968; Kerr, 1969). 
Although the brood cells.of honeybee colonies are kept 
open and workers provision them continuously, they do 
not feed the larvae by direct regurgitation onto the 
mouthparts (Lindauer, 1952). Adult honeybees, on the 
other hand, regurgitate to each other at a very high rate 
(see Figure 5-16). Workers regurgitate water, nectar, and 
honey to each other out of their crops, but larvae and 
queens receive most of their protein from “royal jelly” or 
“brood food” secreted by the hypopharyngeal glands 
(Rôsch, 1930; Free, 1961b). Finally, female allodapine 
bees regurgitate to their larvae, which are kept exposed 
in the central nest cavity, but not to each other (Rayment, 
1951; Skaife, 1953; Sakagami, 1960). 

The species of ants are also highly variable in the rate 
of trophallaxis, in a way that reflects both phylogenetic 
position and food habits. The workers of all species of the 
myrmecioid phyletic complex so far studied engage in 
liquid food exchange. In the primitive bulldog ants, com- 
prising the subfamily Myrmeciinae, the habit is either rare 
or else frequent but poorly executed (Haskins and 
Whelden, 1954; Freeland, 1958). In the higher myrmecioid 
subfamilies (Aneuretinae, Dolichoderinae, Formicinae) 
the exchange is frequent, and in the last two subfamilies 
it is prevalent enough to result in a fairly even distribution 
of liquid food throughout the worker force of the colony 


FIGURE 14-3. The exchange of regurgitated crop liquid be- 
tween workers of the ant Daceton armigerum. The larger 
worker is doing the begging; it holds the head of the smaller 
worker with its forelegs as it takes the liquid directly from the 
donor’s mouthparts (from Wilson, 1962b). 
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(Wilson et al., 1956; Wilson and Eisner, 1957; Gösswald 
and Kloft, 1960). Among the major groups of the poneroid 
complex, trophallaxis is much more variable and shows 
less extremes of development than among the myrmeci- 
oids. It is apparently absent altogether in Amblyopone, one 
of the most primitive living ponerines; but it has been 
noted to occur to a limited extent in other ponerines 
wherever a special search has been made for it (Haskins 
and Whelden, 1954). In the true army ants (Dorylinae) 
trophallaxis is evidently weak or absent. The queens of 
Eciton are never seen to be fed by regurgitation, while 
oral exchange among workers, if it occurs at all, is brief 
and rare. On the other hand, the workers feed on droplets 
secreted from the tip of the abdomen by the queen during 
egg-laying bouts (Schneirla, 1944; Rettenmeyer, 1963a). 
Most species of Myrmicinae engage in frequent oral ex- 
change, but at least one form, Pogonomyrmex badius, 
apparently never does (Wilson, unpublished). The passing 
of regurgitated liquid food from workers to larvae seems 
to follow the same phylogenetic pattern as that for 
worker-to-worker exchange (Le Masne, 1953; Freeland, 
1958). As a rule the frequency of liquid exchange of all 
kinds in a given species increases with the relative amount 
of liquid in the natural diet (Gösswald and Kloft, 1960). 
It is also true that the more trophic eggs are used in the 
feeding of larvae and queens, the less liquid food is ex- 
changed among workers and between workers and larvae. 
All adult castes of ants participate in food exchange, 
including even the males (Hölldobler, 1966). Le Masne 
and Torossian (1965) have even recorded a unique exam- 
ple of an “altruistic” myrmecophile, the brenthid beetle 
Amorphocephalus coronatus, which regurgitates liquid to 
its hosts (Camponotus) in addition to receiving it. 

The crops of most ant species that feed on nectar and 
homopteran-secreted honeydew are capable of consid- 
erable distension. Individual foragers are consequently 
able to carry home large loads of carbohydrates and to 
serve as living reservoirs during lean periods. The liquid, 
digested only to a limited extent while held in the crop, 
is freely passed from one ant to another. Thus the crops 
of all the workers taken together serve as a “social stom- 
ach” from which the colony as a whole draws nourish- 
ment. Eisner (1957), adding extensively to the original 
discoveries of Forel (1878), showed how the proventriculus 
has evolved in ants to facilitate this communal function. 
The proventriculus forms a tight constriction at the an- 
terior end of the crop. Elaborate sepal- and dome-shaped 
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structures have been added to the organ in the Dolicho- 
derinae and are evidently designed to provide automatic, 
primarily nonmuscular valves to withstand mounting fluid 
pressure in feeding workers. So distinctive are the struc- 
tures that they provide useful characters for the study of 
phylogeny at the genus and tribal level (Eisner and Brown, 
1958). The peculiar infrabuccal chamber, a sizable cavity 
located just beneath the tongue of worker ants, filters out 
and compacts solid materials that would otherwise clog 
the narrow, rigid proventricular channels (Eisner and 
Happ, 1962; see Figure 14-4). From time to time workers 
of most ant species disgorge the infrabuccal waste material 
in the form of a pellet. In one arboreal subfamily, the 
Pseudomyrmecinae, the workers feed them to the larvae. 
The pseudomyrmecine larvae receive the pellets in a 
special pouch called a “trophothylax,” located on the 
ventral part of the thorax just beneath the mouthparts, 
and grind them between two striated plates, called the 
“trophorhinium,” located within the mouth (Wheeler and 
Bailey, 1920; see Figure 14-5). 

The storage of liquid food in the crop has been carried 
to great heights by the “repletes” of certain ant species, 
individuals whose abdomens are so distended they have 
difficulty moving and are forced to remain permanently 
in the nests as “living honey casks” (Figure 14-6). The 
extreme examples are ground-dwelling species that live 
in arid habitats: species of Myrmecocystus, a genus con- 
fined to the western United States and Mexico; Camp- 
onotus inflatus, Melophorus bagoti, and M. cowlei of the 
deserts of Australia; some species of Leptomyrmex in 
Australia, New Guinea, and New Caledonia; and Plagio- 
lepis trimeni of Natal (McCook, 1882; Wheeler, 1910; 
Creighton, 1950). Leptomyrmex is a dolichoderine, and the 
remainder belong to the Formicinae. Australian aborig- 
ines dig up and eat repletes of Camponotus and Melopho- 
rus as a kind of candy. Intermediate stages of repletion 
are seen in such diverse genera as Prenolepis, Proformica, 
and Oligomyrmex, the latter a dweller in rain forests of 
the Old World tropics. Repletes are usually drawn from 
the ranks of the largest workers, who apparently enter 
their servile role as callows while their abdomens are still 
soft and elastic (McCook, 1882; Wheeler, 1908, 1910). No 
less than 1,500 such individuals were recovered from the 
nest of a colony of Myrmecocystus melliger by Creighton 
and Crandall (1954). Crandall, with the aid of professional 
gravediggers, followed the nest galleries through 16 ft 3 in 
of Arizona desert soil until he recovered the nest queen 
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FIGURE 14-4. The intestinal tracts of ants are modified in several wavs to store and 
distribute food communally among nestmates. The upper diagram of a worker of 
Mirmica rubra (1) shows the essential parts: the infrabuccal chamber (inf chb) filters 
out most of the solid material from the food: the liquid passes back to the crop (CR.). 
where it is stored: the proventriculus (P}.) regulates the flow of the liquid back to the 
midgut (4f.G.) where it is digested. and thus serves to segregate the communal supply 
in the crop from the personal supply in the midgut. The proventriculus of Myrmecia 
regularis (2, 3) is typical of primitive ants, while that of Iridomyrmex detectus (4. 5) 
possesses one of the more advanced forms found in the Dolichoderinae. Other parts 
shown here are the pharynx (phy.): buccal cavity (b.c.): salivary gland (sal. gl.) and 
duct (sal. dcr.); esophagus (0es.): anterior intestine (ani. int): Malpighian tubule (m. X 
rectum (rec.). and parts of the proventriculus. including portal ( p#.), quadrant (ga). 
plica ( p/.). bulb (5/.), cupola (cp.). stomedeal valve (sr. vle.). circular muscles (c.m.), 
and longitudinal muscles (/.m.) (from Eisner and Brown, 1958). 
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from a small chamber at the very bottom. Thus the earlier 
conjecture by Wheeler (1908) that the Myrmecocystus nests 
are shallow and the population of replete workers is small 
has been thoroughly refuted. Stumper (1961) used radio- 
active tracers in honey to study the behavior of the re- 
pletes of the European ant Proformica nasuta. His results 
go far to resolve the long-standing controversy about the 
adaptive significance of repletism, which had been most 
recently reviewed by Creighton (1950). At moderate tem- 
peratures, food passes chiefly from foraging workers to the 
repletes, but at 30° to 31°C, when the metabolism of the 
colony sharply increases, the direction of flow is reversed. 
Stumper infers that in nature the communal supply in the 
crops of the Proformica repletes is built up in relatively 
cool, moist weather and tapped in hot, dry weather. These 
results perhaps explain why the species that produce the 
extreme replete forms are also for the most part desert 
dwellers. A parallel phenomenon, “adipogastry,” involves 
the exceptional development of the abdominal fat bodies 
of certain nocturnal, deserticolous species of Camponotus 
(Emery, 1898). 

The material regurgitated by worker ants does not 
consist solely of liquid stored in the crop. Tracer studies 
have revealed that sugar water held in this fashion is 
passed chiefly among workers, but larvae and queens 
receive something else (Wilson and Eisner, 1957). Using 
autoradiographs Gösswald and Kloft (1960) discovered 
that P3? placed with carbohydrate samples passed from 
the crop to the midgut and was then concentrated prim- 
arily in the abdomen and head over a period of several 
days. Gésswald and Kloft concluded that the reservoir in 
the head is the labial glands, and that these organs are 
therefore to be considered the source of the “salivary” 
liquid fed as special food to queens and larvae. However, 
their autoradiographs are not good enough to draw this 
particular conclusion, and Naarman (1963), using more 
refined techniques on Formica, has, indeed, implicated the 
postpharyngeal gland instead (see Chapter 12). Even more 
detailed studies by Markin (1970) on the Argentine ant 
Iridomyrmex humilis have shown that not only is P*? 
concentrated in the postpharyngeal glands but that sub- 
stantial amounts are subsequently transferred with regur- 
gitated materials to queens and small larvae. Other 
workers receive only negligible quantities of postphar- 
yngeal secretion and are fed directly from the crop. This 
new evidence supports an early conjecture by Bugnion 
(1930) that the postpharyngeal gland is the principal 
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FIGURE 14-5. The larva of the ant Pseudomyrmex gracilis: 
(top) front and side views of the larva; (bottom) enlarged front 
view of the head and ventral surface of the thorax. The pouch 
beneath the head (trophothylax) is filled with a dark infrabuc- 
cal pellet given to the larva by a worker, on which the larva 
feeds. The striated grinding surface of the mouth (trophorhin- 
ium) can be seen between the paired mandibles (from Wheeler 
and Bailey, 1920). 


Chapter 14 288 Recognition, Food Exchange, Grooming 


FIGURE 14-6. Repletes of the honey ants belonging to the genus Myrmecocystus, photographed in their natural position on the 
roof of a chamber deep within a newly opened nest (courtesy of T. Eisner). 
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source of larval food. The gland is a large, elaborate organ 
which so far has been found only in ants. It seems to be 
one of those notable organs which, like Pavan’s gland in 
ants and Nasanov’s gland in honeybees, has evolved de 
novo to serve in social organization. 

In the Ponerinae, Myrmicinae, and Formicinae the 
larvae periodically discharge small quantities of clear 
liquid (Le Masne, 1953; Maschwitz, 1966a). The habit 
appears to be absent in the Dolichoderinae. These offer- 
ings are quickly licked up by the first workers to encounter 
them. The workers also seem to seek the fluid since they 
lick the head region more frequently than the remainder 
of the body and occasionally solicit regurgitation by the 
same kind of antennal stroking used to offer food to larvae 
(Stäger, 1923; Le Masne, 1953). The source of the liquid 
is not known, but the most likely source is the paired 
salivary glands, the only well-developed exocrine glands 
that open into the mouth. Wheeler (1918) pointed out that 
these glands are hypertrophied in the myrmicine Paedal- 
gus termitolestes, and he speculated that they serve to 
produce secretions attractive to the workers. Wheeler also 
suggested that the remarkable thoracic abdominal ap- 
pendages of larvae of the pseudomyrmecine Pachysima, 
which he called “exudatoria,” produce liquids that serve 
to attract and bind the affection of workers (see Figure 
14-7). Similar structures are found in certain species of 
Crematogaster, including C. rivai (Menozzi, 1930). As 


FIGURE 14-7. First instar larvae of the African arboreal ant 
Pachysima latifrons, showing the peculiar thoracic and abdom- 
inal organs considered by Wheeler to be the source of worker 
attractants: (A) front view; (B) side view (from Wheeler, 1918). 
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simple and beguiling as Wheeler’s mutual attraction hy- 
pothesis is, it has not yet been subjected to critical experi- 
mental investigation. Maschwitz (1966a) found that the 
stomodeal contents of Tetramorium caespitum larvae have 
much higher concentrations of amino acids than their 
hemolymph. He supposed that the stomodeal fraction 
“very probably originates from the salivary secretion,” and 
thus the secretion must have nutritive value. This relation 
is by no means proved: it is even possible that the salivary 
secretions of ant larvae, like those of wasp larvae, are high 
in carbohydrates instead. No information at all exists on 
the nature or function of the abdominal “exudatoria” or 
other possible glandular tissue located elsewhere on the 
bodies of larvae. Ant larvae also produce a clear liquid 
from the anal region from time to time, which Le Masne 
(1953) believes contains waste substances and originates 
from the Malpighian tubules. The workers often solicit 
this material by stroking the tip of the larva’s abdomen 
with their antennae. 

Trophallaxis in termites, with reference to both its mul- 
tiple functions and its evolution, has been thoroughly 
described by Grassé and Noirot (1945), Noirot (1952, 
1969a) and Alibert (1968). In all the lower termite species 
examined to date, belonging to the families Kalotermit- 
idae and Rhinotermitidae, the members of the colony 
feed each other with both “stomodeal food,” which origi- 
nates from the salivary glands and crop, and “proctodeal 
food,” which originates from the hindgut. The stomodeal 
material is a principal source of nutriment for the royal 
pair and the larvae. It is a clear liquid, apparently mostly 
secretory in origin but with an occasional admixture of 
woody fragments. The proctodeal material is emitted from 
the anus. It is quite different from ordinary feces since 
it contains symbiotic flagellates that feces completely lack, 
and it has a more watery consistency. Evidently the prin- 
cipal function of proctodeal trophallaxis is the donation 
of flagellates to nestmates which lost them while molting. 
Termites have the typically insectan trait of shedding the 
chitinous linings of both their foreguts and hindguts with 
each molt (Weyer, 1935). The lining of both parts of the 
intestine are eliminated through the anus one or two days 
after the molt, and they carry with them the vital sym- 
biotic protozoans from the hindgut. The newly molted 
termite, now deprived of its only means of digesting cel- 
lulose, must obtain a new protozoan fauna from its nest- 
mates. This it accomplishes by caressing the terminal 
abdominal segments of another individual with its anten- 
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nae and mouthparts, causing the extrusion of a proctodeal 
droplet. The proctodeal fluid almost certainly serves as 
a secondary source of nutriment as well, but its importance 
in this regard has not been analyzed. All instars of the 
Kalotermitidae, a relatively primitive group, possess flag- 
ellates. In the somewhat more advanced Rhinotermitidae, 
on the other hand, the first two instars lack flagellates and 
depend on regurgitated food from older workers to live. 
The young rhinotermitids are fed mostly with stomodeal 
liquid, although Buchli (1950) has observed newborn 
larvae of Reticulitermes feeding on proctodeal liquid. 

The higher termites (Termitidae) do not depend on 
symbiotic flagellates for digestion of cellulose, and they 
have also lost the habit of proctodeal trophallaxis. At the 
same time, the immature stages have become completely 
dependent on stomodeal liquid. Unlike the larvae of the 
lower termites, termitid larvae are morphologically very 
distinct from older individuals that undergo radical trans- 
formation in either the third molt (subfamily Macro- 
termitinae) or second molt (other termitid subfamilies). 
Until this occurs they are entirely white, with soft exo- 
skeletons and nonfunctional mandibles. Noirot (1952) 
believes that the liquid fed to them consists of pure saliva. 
The nymphs of the Termitidae also receive stomodeal 
liquid, but are able to feed on woody material or mycelial 
debris as well. 

An important characteristic of trophallaxis in the ma- 
jority of social insects is that it is an open system; each 
worker freely engages in it with an unlimited number of 
nestmates of all castes. This trait has been documented 
in detail with the aid of radioactive tracer studies and by 
prolonged direct observations. When Nixon and Ribbands 
(1952), for example, allowed six foraging honeybees to 
collect 20 ml of syrup treated with radioactive phosphorus 
and carry it back to the colony, they found traces of the 
material in 27 percent of the nest workers after only 5 
hours, and in 55 percent after 24 hours. The rapidity of 
the exchange can be fully appreciated when it is recalled 
that honeybee colonies contain tens of thousands of 
workers. K. P. Istomina-Tsvetkova (in Free, 1959) found 
that workers of all ages engage in frequent food exchange 
during the normal life of the colony. She followed two 
workers from the age of 5 days to the age of 28 days, 
watching each one for 8 hours daily. These two individuals 
gave food on the average of 20.0 and 10.0 times, respec- 
tively, during each 8-hour period and received it on an 
average of 16.2 and 8.8 occasions, respectively. However, 
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many of the contacts were brief and did not necessarily 
involve the actual exchange of liquid. Similar results have 
been obtained in ants by Gésswald and Kloft (1956, 1960), 
Wilson and Eisner (1957), Markin (1970), and others, and 
in termites by Alibert (1968). An actual case involving 
Formica fusca, a species that engages in rapid oral ex- 
change, is given in Figure 14-8. Here it can be seen that, 
within one day following the feeding of a single worker, 
every member of the colony had received some of the 
liquid food and the variation in the amount per ant was 
rapidly decreasing. It is, therefore, not at all incorrect to 
refer to the combined crops of the adult population in a 
species such as F. fusca as the communal stomach. Not 
only do most or all of the workers share the same diet, 
but each worker is kept informed, on a virtually minute- 
by-minute basis, of the nutritional status of the colony as 
a whole. Thus, when a worker reacts to stimuli resulting 
from its own hunger, or satiation, the chances are great 
that it is acting for the colony as a whole. 

This higher degree of integration in trophallactic species 
is reflected in a curious ambiguity in the interplay between 
the “opposite” acts of begging and offering. A begging 
honeybee attempts to thrust its proboscis between the 
mouthparts of a nestmate, while a bee that is offering food 
moves its still-folded proboscis slightly downward and 
forward from the position of rest, often extruding a drop 
of regurgitated liquid between the mandibles and base of 
the proboscis (Free, 1959). Both activities are accom- 
panied by antennal stroking. Yet which role a given 
worker assumes appears to depend largely on the state 
of its crop content at the moment. When one well-fed bee 
is offered food by another, it often responds by offering 
food in return; when a hungry bee is solicited, it often 
solicits in return. When two bees are attempting to assume 
the same role, they actually appear to compete over the 
matter until one gives way and commences the opposite 
behavior (Lindauer, 1954b; Free, 1957b). Similarly, in the 
ants Formica fusca and F. sanguinea both antennal and 
foreleg stroking are used by donors and acceptors alike 
(Wallis, 1961). Foreleg stroking, like vigorous antennal 
play in the honeybee, indicates strong motivation. It also 
occurs more frequently in the acceptor, other things being 
equal. Whether a donor or acceptor Formica initiates the 
exchange depends on the relative strengths of the motiva- 
tion of the two participants. A set of workers can be shifted 
from predominantly begging behavior to predominantly 
donor behavior merely by feeding it to satiation. In sum, 
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FIGURE 14-8. After a single worker of the ant Formica fusca 
was allowed to imbibe somewhat in excess of 1.9 x 1074 ml of 
honey mixed with radioactive iodide (Nal#?) and return to its 
colony, this material was rapidly distributed throughout the 
colony. Within 27 hours every member of the colony had re- 
ceived some of the liquid, and the frequency distribution of in- 
dividual shares began to assume a normal shape. The share of 
the two nest queens is indicated by the stippled portion of the 
histogram; as in the case of most carbohydrate feedings, this 
amount is very small (from Wilson and Eisner, 1957). 
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the lack of selfishness on the part of individual honeybee 
and ant workers and the ease with which individuals shift 
from one role to another insures a rapid and relatively 
even distribution of liquid food through the colony. 

Free (1956) used a series of ingenious experiments to 
analyze the releasers of trophallactic behavior in the 
honeybee. More soliciting and offering is directed at the 
head than any other part of the body, and a freshly sev- 
ered head is sufficient to elicit either reaction. Free noted 
that heads belonging to nestmates were favored over those 
belonging to aliens. So important is odor in fact that he 
even obtained occasional responses with small balls of 
cotton that had been rubbed against bees’ heads. The 
antennae are also potent stimuli. Heads lacking antennae 
are less effective than those that possess them, and the 
loss can be restored by inserting imitation wire antennae 
of the right length and diameter into heads lacking an- 
tennae. Apparently the antennae serve not only as re- 
leasers but also as guides for the bees when they touch 
each other with their lower mouthparts. 

The pattern of distribution of food materials in honey- 
bee and ant colonies is nevertheless not wholly equitable. 
Queens and males receive more than they give. Also 
favored in the exchanges are younger workers, larger 
workers, and workers that frequent the same part of the 
nest. In his studies of Formica polyctena, Lange (1967) 
found that honey is distributed preferentially to workers 
with reduced ovarioles, while the hemolymph of prey is 
given more to those with developed ovarioles containing 
well-formed oocytes. This partition has a straightforward 
explanation: the former group consists of the older, 
foraging workers, which need energy-rich food; the latter 
group consists of the nurses, which require protein to feed 
the larvae and queens. It is not yet known whether the 
selection is performed by the donor or the acceptor, but 
the latter seems more likely. 

Montagner’s study (1966) of the social wasps Vespula 
(Paravespula) germanica and V. (P.) vulgaris indicates that 
trophallaxis in these insects is both more complex and 
structured than in honeybees and ants. When Montagner 
repeated Free’s experiments, using the wasps instead of 
honeybees, the results were mostly negative. It is clear that 
the odor of severed worker heads attracts other workers 
who seem prepared to engage in food exchange, but the 
inert head is not sufficient by itself to induce begging or 
offering. Artificial wire antennae fixed to severed heads 
and vibrated at 20 to 100 cycles per second induced some 
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FIGURE 14-9. Theinitiation of regurgitation between two workers of the wasp Vespula (Paravespula) germanica: The solicitor on 
the right approaches the donor and places the tips of her flexible antennae on the donor’s lower mouthparts (1, 2); the donor responds 
by closing her antennae onto those of the solicitor (3), who then begins gently to stroke her antennae up and down over the lower 
mouthparts (4-7). If this interaction continues, the donor will begin to regurgitate, and the solicitor is able to feed (based on Montag- 
ner, 1966). 


regurgitation, but the live workers broke off contact in 
seven seconds or less. Montagner has shown that trophal- 
laxis is sustained only when the pair engage in continuous 
reciprocal antennal signaling according to the specific 
pattern illustrated in Figure 14-9. The direction of trans- 
mission among Vespula workers proceeds according to 
their dominance relationships. Dominant workers receive 
more food than they give, so that donors are often seen 
assuming the crouching position taken by subordinate 
individuals. Strongly dominant workers who are thwarted 
in their begging attempts even go so far as to threaten 
the reluctant donors. The mother queen is the alpha 
individual who always receives and seldom if ever gives, 
while virgin queens are usually dominant over their 
worker sisters. Males have a quite different antennal form 
from females and are consequently inept at initiating 
trophallaxis. According to Montagner, they feed princi- 
pally by two techniques: inserting their mouthparts into 
the regurgitated liquid being passed between two workers, 
and stimulating larvae to give up salivary secretions. 
Montagner’s account of the state of affairs in Vespula is 


quite surprising since it depicts these insects as having a 
haphazard, not to say brutish, organization compared to 
that of ants and honeybees. The constraints placed on food 
exchange by the dominance relations would seem, at the 
very least, to slow the distribution of food and to increase 
the variance in crop contents among workers. However, 
the effect has not yet been measured by tracer studies of 
the kind employed on other social insects. 


Chain Transport 


Some ant species have evolved methods of relaying food 
from worker to worker so that the transport of the food 
over long distances from the foraging grounds to the nest 
is speeded up. The phenomenon, which can be conven- 
iently referred to as “chain transport” (Stäger, 1935; 
Janina Dobrzanska, 1966), is best described by citing three 
good cases. The first two examples involve caste. In the 
arboreal myrmicine ant Daceton armigerum of South 
America, there exists a marked division of labor among 
the different-sized classes of foraging workers. The bigger 
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foragers tend to loiter at way stations between the nest 
entrance and the hunting grounds, which are located 
chiefly in the forest canopy. When insect prey are cap- 
tured, ordinarily by workers of medium size, they are 
usually pulled away from their captors by the larger indi- 
viduals, which complete the homeward journey. The result 
is that the prey, regardless of which ant originally captures 
it, is carried home with what must be close to the maxi- 
mum possible speed (Wilson, 1962b). A closely similar 
transfer system is used by the polymorphic African 
ponerine Megaponera foetens, which feeds principally on 
termites. Most of the prey are captured by the smaller 
workers, which then turn them over to major workers for 
transport back to the nest (Levieux, 1966). A third case 
involving castes and a well-marked division of labor has 
been described in Formica obscuripes (= F. “melanotica”) 
by King and Walters (1950). In this species a dramatic 
polyethism exists: the smaller, dark-colored workers for- 
age for honeydew in low vegetation, and the larger, 
lighter-colored workers collect the material from them and 
transport it back to the nest. It seems probable, but cannot 
be proved from the limited data, that the small workers 
are more efficient at “milking” the homopterans because 
of the small size of the latter insects, while the large 
workers are better at transporting material by virtue of 
the greater volumes of their crops. 

According to Dobrzanska (1966), the monomorphic 
formicine ant Lasius fuliginosus possesses an effective 
chain transport system which is not related to caste. The 
foraging workers remain away from the central nests for 
days on end, patrolling small sections of the trophophoric 
field with which they become personally familiar and 
resting from time to time in subterranean way stations. 
When an insect prey is secured well away from the nest, 
it is relayed from worker to worker. As the object reaches 
the border of a new patrolling area, it is transferred over 
to a worker belonging to that area who carries it across 
and passes it on to a worker in the next area, and so on, 
all the way back to the nest. Since workers move more 
rapidly and surely when on familiar ground, the relay 
system appears to be swifter than the more primitive 
method in which one worker carries a burden all the way 
by itself. 

These examples, while suggestive, by no means prove 
that chain transport is intrinsically a more effective way 
of moving materials over long distances or that the be- 
havioral interactions underlying it are necessarily adaptive 
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in this context. The interactions, for example, could con- 
ceivably be side effects of other forms of communication, 
such as dominance relations or the strong drive to regur- 
gitate food that would result in a tendency to transfer food 
whenever nestmates meet. In fact, Stäger (1935, 1939) 
concluded that chain transport in Formica rufa even slows 
the movement of food. Since workers of this species, 
unlike those of Lasius fuliginosus, are not very familiar 
with particular sections of the foraging field, it would 
seemingly be best if single individuals carried loads all 
the way home. When the transfers observed by Stäger 
were made, they consumed time and visibly slowed the 
transporting process. 


Grooming 


All social insects engage in frequent cleaning of their 
own bodies. The self-grooming movements are stereo- 
typed and vary from group to group in a way that provides 
valuable aids to classification and the analysis of phylog- 
eny (Ursula Jander, 1966). The cleaning instruments are 
the legs—especially (in Hymenoptera) the forelegs, whose 
curved pretarsus and large pectinate spurs are peculiarly 
modified for the purpose—and the lower mouthparts, 
including the tongue. The following thirteen basic move- 
ments have been recorded in ants (Wilson, 1962b; Farish, 
1969). 


1. Cleaning of the antennae, one at a time, by the 
ipsilateral fore tarsus and spur (Figure 14-10). 

2. Cleaning of both antennae simultaneously by the 
respective ipsilateral fore tarsi and spurs. 

3. The head is stroked by the fore tarsi. 

4. The thoracic pleura and dorsum are stroked by the 

femora and tibiae of the forelegs. 

. The abdomen is stroked by the hind legs. 

6. The abdomen is bent forward between the legs, and 
its tip is either stroked by the fore tarsi or washed 
by the lower mouthparts or both. This movement 
is unique to the ants (Figure 14-10). 

7. The fore tarsi are washed by the lower mouthparts. 

8. One fore tarsus is passed through the tibial-tarsal 
brush of the other fore tarsus, and then the action 
is reversed. 

9. The fore and middle legs on one side are used to 
clean each other in the fashion described in the 
eighth movement. 


WN 
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FIGURE 14-10. Three basic movements of self-grooming in the worker ant (Formica polyctena): (left) drawing an antenna through 
the comb of the right foreleg while simultaneously cleaning the left foreleg with the tongue; (middle) licking the tip of the abdomen; 
(right) rubbing three of its legs together while drawing the right front tarsus over the tongue (original drawing by Turid Hölldobier). 


10. The tarsi of both forelegs and one of the middle 
legs reciprocally clean each other. 

11. The tarsi of one foreleg and all three legs on the 
opposite side reciprocally clean each other. To ac- 
complish this intricate maneuver, which is found 
only in the ants, the body forms a tripod consisting 
of the tip of the gaster and the unoccupied middle 
and hind legs of one side. During the operation one 
tarsus may be drawn over the mouthparts, as shown 
in Figure 14-10. 

12. The tarsi of the hind legs reciprocally clean each 
other. 

13. The tarsi of the hind legs and one middle leg recip- 
rocally clean each other. 


In summary, ants perform most of the self-grooming 
movements which their rigid exoskeletons make possible. 


But the relative frequencies of the movements vary enor- 
mously. Also, entire movements have been added or 
dropped, mostly dropped, in the course of evolution from 
the lower Hymenoptera. The total effect of self-grooming 
in ants is to collect detritus and secretory materials from 
the surface of the body and move it anteriorly to the 
mouth. Here most of it is collected in the infrabuccal 
pocket and later discarded in the form of waste pellets. 
But at least some of the material must find its way into 
the alimentary tracts, with possible effects that have yet 
to be investigated. Self-grooming movements are also 
likely to function in the spread of secretory materials over 
the body. In the one documented example, the queen 
honeybee transfers 9-ketodecenoic acid back over her 
body in this fashion. 

Many, but not all, social insects also groom nestmates 
with their glossae (tongues). All ants, honeybees, and 
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termites apparently do it frequently. At least some of the 
social wasps, for example, Polistes (Eberhard, 1969), 
groom nestmates. On the other hand, the phenomenon 
is only occasional in the meliponines (Sakagami and 
Oniki, 1963) and is evidently very rare or absent in the 
bumblebees (Free and Butler, 1959) and the primitively 
social halictine bee Dialictus zephyrus (Batra, 1966a). The 
significance of the presence or absence of grooming of 
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nestmates is not at all understood at this time. It may well 
function, at least in part, in the transfer of pheromones. 
For example, it is known that the queen substance of the 
honeybee, 9-ketodecenoic acid, is initially transmitted in 
this fashion from the queen to workers (Butler, 1954b). 
Bumblebees, on the other hand, neither groom nestmates 
nor employ a queen substance. 


15 Group Effects and the Control of Nestmates 


Group Effects 


In Animal Aggregations (1931) and The Social Life of 
Animals (1938), Warder Clyde Allee assembled a mélange 
of examples from the literature and his own experiments 
to illustrate the diverse ways in which crowding alters the 
physiology and behavior of organisms. He noted that in 
some animal species there is an easily perceived optimal 
density at which survival rate and fecundity are at a 
maximum. Below or above the optimum, these demo- 
graphic parameters diminish in a complex and unpre- 
dictable manner. Their decline is due to one or more 
unrelated factors that crop up in bewildering variety: 
resistance to poison (versus self-poisoning with metabolic 
products), ability to evade parasites and predators, pre- 
dilection for cannibalism, probability of finding mates, 
rate of fixation of lethal and subvital genes through in- 
breeding, and so on. Crowding increases learning rate in 
some animals (goldfish, for example), but decreases it in 
others (cockroaches and parakeets). In a few specialized 
species, population density even determines the sex of the 
participating individuals, a trait shown by the cladoceran 
genus Moina, for example, or their phase of polymor- 
phism, as in the migratory locusts. 

With but a moment’s reflection one realizes that all 
species must have an optimal density, whether weakly or 
sharply defined, so that, in a sense, Allee’s generalization 
is trivial. However, the eclectic phenomena of social 
physiology are made much more interesting by the prop- 
osition, advanced by Allee and later authors, that aggre- 
gating behavior has been designed in evolution to place 
population densities somewhere near the optimum levels 
of the respective species. An instructive example is the 


“Fraser Darling effect” observed in sea birds that nest 
colonially: the members of larger colonies stimulate each 
other to commence breeding earlier and over a shorter 
span of time than do members of small colonies. In the 
herring gull the effect results in a higher survival rate in 
the larger colonies. This is because the percentage of 
mortality in young chicks per unit of time, due chiefly to 
attacks from predators and adult herring gulls, is approx- 
imately a constant. Therefore, the shorter the breeding 
period, the lower the overall percentage of mortality 
(Darling, 1938). Darling’s effect sets the lower limit of 
the optimal density. The upper limit is set by food short- 
ages that develop in the sea around the breeding islands 
(Ashmole, 1963; W. H. Drury, personal communication). 

The study of the effects of crowding per se has subse- 
quently proved fruitful in ecology by revealing the kinds 
of density-dependent behavioral factors through which 
many, but not all, animal species limit their own popula- 
tion growth (Calhoun, 1962; Lack, 1966; Clark et al, 
1967). In France, Grassé and his associates have extended 
the concept in still another useful direction. For many 
years they have studied the effects of varying population 
density on the behavior and physiology of social in- 
sects—a wise choice as it turned out since the phenomena 
are elaborately developed in these most social of all ani- 
mals. Grassé (1946) proposed to classify all the effects 
of “social physiology” into two categories: mass effects, 
in which the medium is modified by the population; and 
group effects, in which the members of the population 
affect one another directly by sensory stimulation. The 
phrase effet de groupe is used constantly by French zoolo- 
gists; but Grassé’s terminology has not caught on else- 
where because, like Allee’s earlier exposition of “group 
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behavior,” it has been much too amorphously formulated. 
There is to start with no clear boundary between mass 
and group effects. Furthermore, it is almost impossible to 
make a sharp distinction between group effect in the 
Allee-Grassé sense and the rest of communicative behav- 
ior. Like the word trophallaxis, the expression “group 
effect” can, with little effort; be stretched to become syn- 
onymous with communication in the broadest sense. 
Even so, I believe we can make at least temporarily 
good use of the label to cover a particular set of commu- 
nicative phenomena that are of considerable importance 
in insect societies. I would therefore like to suggest the 
following refinement of Grassé’s definition: a group effect 
is an alteration in behavior or physiology within a species 
brought about by signals that are directed in neither space 
nor time. Alarm signals, trail substances, and sex attract- 
ants obviously do not qualify. Most primer pheromones, 
which act on animals over long periods of time without 
necessarily evoking a directed response, do qualify. In 
addition, there exists a wide range of communicative 
phenomena in social insects which are undirected and long 
lasting but not necessarily pheromonal in nature. They 
are the coactions that the French investigators have been 
intuitively calling group effects. Most are examples of 
what has been termed social facilitation in the psycho- 
logical literature, that is, communication which promotes 
activity rather than inhibiting it. The conception of social 
facilitation as a discrete phenomenon began in studies of 
human social psychology. Allport (1924) defined it as “an 
increase of response merely from the sight or sound of 
others making the same movement.” To complete the 
terminology, the opposite effect from social facilitation 
should be labeled social inhibition. Blackith (1957) has 
described facilitation in the pure sense in social Hymen- 
optera. When workers of bumblebees return to the nest 
after a successful foraging trip, they are unable to direct 
their nestmates to the newfound sources. However, their 
entry into the colony causes an increase in movement, and 
a larger number of foragers leave the nest in the period 
immediately following. Workers of the social wasp genus 
Vespula tend to cluster around the nest entrance just 
before flying off. When one worker does fly, it is usually 
followed all at once by a group of others. Spieth (1948) 
observed that, when foragers of Polistes return to the nest 
with food, they set off a wave of activity that often extends 
throughout the small colony. Not only do many of the 
workers proceed to divide the food and pass it back and 
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forth, but individuals that have not shared in the exchange 
also visit larvae for secretions, start cleaning themselves, 
or simply walk around. Ants of the species Lasius emargi- 
natus excavate the soil and attend larvae at a higher rate 
when in large groups. When Francfort (1945) separated 
small groups of this species consisting of four to six 
workers from larger groups by only a gauze barrier, their 
activity rate remained high, but it dropped when he in- 
serted a glass barrier. Francfort concluded that the facili- 
tating stimulus is an odor. Walter Hangartner (1969a), in 
following up Francfort’s experiment, discovered that fire 
ant workers (Solenopsis geminata) attempt to dig through 
porous barriers put up to separate them from other mem- 
bers of their colony. He was able to induce the same effect 
by substituting tubes containing slightly higher concen- 
trations of carbon dioxide. It is entirely possible that 
Francfort’s result was also due to carbon dioxide or some 
other general metabolic product, rather than a specialized 
“facilitation” pheromone. 

The relation between activity and group size is not a 
simple one. Shisan C. Chen (1937a,b) reported that 
workers of the carpenter ant Camponotus japonicus aterri- 
mus placed in groups of two or three in earth-filled jars 
began digging sooner, moved more earth per ant, and 
displayed less variation in individual effort than workers 
placed alone in the same kinds of containers. “Leader” 
ants, that is, the ants that worked best when alone, had 
a stimulating effect on nestmates, while the slower “fol- 
lower” ants had a retarding effect. Leader ants also had 
a higher metabolic rate, as evidenced by their greater 
vulnerability to starvation, to drying, and to poisoning by 
chloroform and ether fumes. Sakagami and Hayashida 
(1962), in their studies of the slave-making ants Polyergus 
samurai and Formica sanguinea and the slave species 
F. fusca, obtained quite different results. When they in- 
creased the number of F. fusca workers to eight, the aver- 
age digging performance in both the presence and absence 
of the slave-makers either remained the same or began 
to fall off. This is the direct opposite of the accelerating 
effect reported by Chen. The inhibition seems to be ex- 
plainable at least in part by the fact that the “elites” (the 
term given to leader ants by Sakagami and Hayashida 
following a suggestion of Marguerite Combes [1937]) 
make up less and less of the sample as the sample size 
is increased. Stated another way, fewer workers assume the 
elite role in crowds. 

How can we account for the opposing results from the 
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two experiments? It is possible that the design of the 
experiments might provide the explanation. Chen used 
spacious jars in which the ants worked down into a hori- 
zontal earthen surface, while Sakagami and Hayashida 
used narrow (a single centimeter wide) horizontal tubes 
in which the ants had to crowd past each other to ap- 
proach vertical earthen surfaces. It is equally possible that 
Camponotus and Formica elites differ from each other in 
their pattern of response, or at least in the way their elitism 
is invoked. There can be no doubt that elitism is a well- 
marked phenomenon in ants generally. The work on the 
lifetime activities of individuals by Dieter Otto and others 
(see Chapter 8) has shown that workers from the same 
colony often differ profoundly in their work patterns and 
in the intensity of their day-to-day activity. Elitism is a 
common if not universal phenomenon in ants, but the way 
it is summoned in groups may vary among species. 

A diversity of behavior patterns other than nest building 
are modulated by the size of the group. The aggressiveness 
of individual social insects increases as the size of the 
crowd of nestmates around it grows. In the subterranean 
ant Acanthomyops claviger, workers placed in solitude 
inside artificial nests are nearly insensitive to the natural 
alarm substances of the species, such as undecane and 
citronellal, but those placed in the same nests with a few 
hundred nestmates respond normally to the pheromones 
(Wilson, unpublished). Similar effects involving a lower 
threshold of numbers or “critical mass” have been well 
documented in the honeybee. Martin (1963) found that 

.a minimum of two hundred workers is needed for swarm- 

ing to be completed. A smaller number of bees can be 
induced to make the attempt in the company of a fe- 
cundated queen, but the effort fails because the group is 
unable to form a cluster away from the mother hive. 
Darchen (1957) has shown how the critical mass varies 
according to the presence or absence of the queen and 
queen substitutes in the honeybee hive. The following 
approximate minimal numbers of workers are needed to 
build combs within an ordinary hive: 


50 when a live queen is present; 

200 when a freshly dead queen is present; 

5,000 when laying workers (but no queen) are present; 

10,000 when neither queen nor laying workers are 
present. 


Experiments by Jaycox (1970) demonstrated that a similar 
stimulating effect is exercised by the queen on the food- 
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collecting activity of the workers. Approximately the same 
level of foraging activity can be attained by presenting 
the workers with preparations of synthetic queen sub- 
stance, trans-9-keto-2-decenoic acid. In colonies of the 
termite Kalotermes flavicollis, the amount of liquid food 
exchanged, both that discharged from the mouth and from 
the anus, increases with the number of individuals present. 
The increase is accelerated when the royal couple are also 
present. In large colonies the royal couple are fed exclu- 
sively on saliva produced by stomodeal regurgitation. 
When isolated with only 30 nymphs in attendance, the 
couple are also given a small quantity of proctodeal ma- 
terial, and this amount increases sharply if the size of the 
group is cut still further (Alibert, 1968). 

Finally, group size can affect fecundity and longevity 
in females in ways that cannot always be explained simply 
as the outcome of differences in nutrition. Free (1957c) 
found that the degree of ovarial development of bumble- 
bee workers increases with the number of individuals kept 
together. He ascribed the effect to the social facilitation 
of feeding on the available food stores. The relation is far 
from perfect, however, since isolated workers occasionally 
undergo strong ovarian development. A similar and more 
effective form of facilitation occurs in the honeybee. When 
maintained in groups in the absence of the queen, some 
members of normal-sized colonies always develop their 
ovaries and even begin to lay eggs, but this does not occur 
if the workers are kept in complete solitude (Hess, 1942). 
Grassé and Noirot (1944) have found that ant and termite 
workers live for shorter periods of time when isolated than 
when kept in groups, even when they have an unlimited 
food supply. Maximum longevity is attained when the 
group size is on the order of ten or greater. When queens 
of the ant species Lasius flavus and Solenopsis saevissima 
are allowed to associate in small groups during colony 
founding, their survival rate is higher, and they rear the 
first brood more quickly (Waloff, 1957; Wilson, 1966). 
Workers of the army ant Neivamyrmex carolinensis survive 
longer in the presence of their queen—a result that can 
be due either to some unknown salutary effect of the 
secretions obtained from the queen’s body, or the greater 
cohesion of the workers resulting from the queen’s pres- 
ence, or both (Watkins and Rettenmeyer, 1967). Survi- 
vorship is sometimes a function of age. If males of the 
carpenter ant Camponotus herculeanus are isolated in the 
early part of their life, at a time when they would normally 
be engaging in liquid food exchange, their lives are short- 
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ened. But this is not the case if they are isolated in middle 
age, at the time they would normally hibernate, or later 
in the spring, when they are ready to leave on their nuptial 
flights (Hölldobler, 1966). 

In sum, the “group effects” that have been described 
in Social insects are a curiously miscellaneous lot of im- 
portant but little-understood communicative phenomena. 
Research will have to be pressed at the neurophysiological 
and biochemical] levels before much knowledge is gained 
of their causal mechanisms and multiple roles in social 
regulation. 


Dominance Hierarchies and the Evolution 
of Queen Control 


In the primitive insect societies strife and competition 
prevail, leading to the emergence of a single female, the 
queen, which physically dominates the rest of the adult 
members of the colony. In the more advanced insect 
societies, particularly those in which strong differences 
between the queen and worker castes exist, the queen also 
exercises control over the workers but usually in a more 
subtle manner devoid of overt aggression. The gradual 
change from what might be regarded as brutish domi- 
nance to the more refined modes of queen control is one 
of the clear-cut evolutionary trends that extend across the 
social insects as a whole, and one worth tracing in some 
detail. 

Aggression and dominance were first recorded by the 
Swiss entomologist Pierre Huber (1802) in his pioneering 
study of bumblebees. He saw that, when a queen lays her 
eggs, some of the workers try to steal and eat them, but 
the queen usually repels these intruders with great fury. 
Similar observations have been made by a long line of 
subsequent investigators. The Austrian entomologist 
Eduard Hoffer (1882-1883) discovered that the dominance 
relationship is orderly and predictable. As he described 
it: “Punishment is almost always meted out with the legs 
and mandibles, and the guilty individual never even at- 
tempts to defend herself, all her efforts being directed 
toward making the quickest possible escape. The punish- 
ment is sometimes so rough that the poor creature is 
seriously wounded or even killed.” Once egg stealing has 
been rebuffed for a few hours, the attempts by the workers 
“become less and less frequent, and finally cease alto- 
gether; and these same little insects which previously tried 
their very best to destroy the newly-laid eggs, now become 
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attentive guardians and nurses of their embryo brothers 
and sisters; they keep them warm and tenderly provide 
them with nourishment continuously thereafter.”* 

The early observers were puzzled by what seemed to 
them an impulse toward race suicide. Huber offered a 
surprisingly modern hypothesis that invokes density- 
dependent control of the kind most recently envisioned 
as a “social convention” by Wynne-Edwards (1962). He 
stated, “The bumblebees are the largest insects that feed 
on honey; and if their number trebled or quadrupled, 
other insects would not find any nourishment, and perhaps 
their species would be destroyed.” Pérez (1899) viewed 
egg eating as simply evidence of selfish behavior on the 
part of the workers and therefore an imperfection in the 
social order. But there is a more straightforward explana- 
tion of the phenomenon, one that involves a function 
adaptive to the colony as a whole. Lindhard (1912) ob- 
served an instance in which a queen of Bombus lapidarius 
extracted the egg of a rival worker and fed it to a queen 
larva. Also noting that very few if any worker-laid eggs 
ever survive, he hypothesized that the objects are not 
meant to develop but instead serve as a kind of “royal 
food” for prospective queens. If there is any truth in this 
conclusion, it is consistent with the general occurrence of 
trophic eggs laid by workers in other kinds of social 
Hymenoptera (Chapter 14). 

The existence of a similar dominance system in the 
paper wasp Polistes gallicus was intimated by the studies 
of Heldmann (1936a,b), who found that, when two or 
more females start a nest together in the spring, one comes 
to function as the egg layer, while the others take up the 
role of workers. The functional queen feeds more on the 
eggs laid by her partners than the reverse, thus exercising 
a form of reproductive dominance. Pardi (1940, 1948, 
1951) discovered that the queen establishes her position 
and controls the other wasps by direct aggressive behavior, 
and he went on to analyze this form of social organization 
in detail. Dominance behavior has also been documented 
in P. chinensis by Morimoto (196la,b), P. fadwigae by 


*Since this phase of work on the biology of bumblebees has been 
largely forgotten, even by entomologists, it has become the custom to 
give the credit for the discovery of dominance hierarchies to 
Schjelderup-Ebbe (1922) and later students of social behavior in do- 
mestic fowl and other vertebrates. But it is clear that the same basic 
conception had been worked out many years earlier by Hoffer in his 
studies on bumblebees. Furthermore, Hoffer’s observations were con- 
firmed and refined by later investigators, especially Lindhard, well in 
advance of the vertebrate studies. 
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Yoshikawa (1963b). and P. canadensis and P. fuscatus by 
Marv Jane Eberhard (1969). The relationship among the 
adult members of the Polistes colony is somewhat more 
elaborate and stereotyped in form than that in Bombus 
colonies. Instead of simple despotism by the queen, there 
eXists in Most cases a linear order of ranking involving 
a principal egg laver. the queen, and the remainder of 
the associated females. called auxiliaries. who form a 
graded series in the relative intensities of egg laving. 
foraging. and comb building (Table 15-1). Dominant in- 
dividuals receive more food whenever food is exchanged, 
they lav more eggs. and they contribute less work. They 
establish and maintain their rank by a series of frequently 
repeated aggressive encounters. At lowest intensity the 
exchange is simply a matter of posture: the dominant 
individual mses on its legs to a level higher than the 
subordinate. while the subordinate crouches and lowers 
its antennae. At higher intensities leg biting occurs (Figure 
15-1), and at highest intensity the wasps grapple and 
attempt to sting each other. During the brief fights. the 
contestants sometimes lose their hold on the nest and fall 
to the ground. Injuries are rare, although Eberhard once 
saw a female of P. fuscatus killed in a fight. The severest 
conflicts occur between wasps of nearly equal rank and 
during the early days of the association when the nest is 
first being constructed. As time passes, the wasps fit more 
easily into their roles. and aggressive exchanges become 
more subdued, less frequent, and eventually purely pos- 
tural in nature. When the first adult workers eclose from 
the pupal instar, during later stages of colony develop- 
ment, their relations to the foundresses are invariably 
subordinate and nonviolent. The workers also form a 
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hierarchy among themselves: those that emerge early tend 
to dominate their vounger nestmates. If the alpha female 
is removed. the next highest auxiliaries intensify their 
hostility to each other until one of their number becomes 
unequivocally dominant; then the exchanges subside to 
the previous low level. Eberhard (1969) found that the 
tropical species P. canadensis differs from all the temperate 
species studied to date in that its contests are more violent 
and result in the losers leaving the nest to attempt nest 
founding on their own elsewhere. The queens are also less 
dependent on the indirect technique of egg eating to 
maintain reproductive control. Thus P. canadensis ap- 
proaches a condition of true despotism. whereas the tem- 
perate species so far studied possess a colony organization 
that can be characterized as an uneasy oligarchy. 

The dominant females of Polistes colonies maintain 
their superior reproductive status by three means: they 
demand and receive the greatest share of food whenever 
it becomes scarce: thev lav the greatest number of eggs 
in newly constructed brood cells: and they remove and 
eat the eggs of subordinates when these rivals succeed in 
laving in empty cells. The size and degree of development 
of the ovaries is loosely correlated with the rank of the 
wasp (Pardi, 1948: Deleurance, 1952b: Gervet. 1962). 
When a female slips in rank, her ovaries also decrease 
in size. It is tempting to think that subordination leads 
to decrease in ovarian development simply because the 
individual receives less food: in other words, she is sub- 
jected to “nutritional castration” of the sort originally 
conceived by Marchal (1896, 1897). The same effect might 
be achieved by the closely related phenomenon of “work 
castration,” in which the subordinates are forced to ex- 


TABLE 15-1. Division of labor according to rank within a group of colony-founding females of the paper wasp 
Polistes fuscatus observed for 26 daylight hours between 18 May and 14 June 1965 (from Eberhard. 1969). 


Number of 


Number of eggs of Number of Foraging rate Number of 
Identification Dominance eggs others new cells (loads per hour loads received 
number rank laid eaten started observed) from associates 
13 l 9 4 0 .08 25 
34 2 > 2 l ‚So 20 
35 3 0 0 l 1.41 0 
28 4 0 0 2 1.56 5 
15 5 0 0 8 1.80 3 
6 6 0 0 0 18 l 
18 7 0 0 0 1.50 0 
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FIGURE 15-1. In this exchange between two colony-founding females of Polistes fuscatus, the dominant wasp has risen on its 
legs above the subordinate one and seized it by a hind leg. The subordinate crouches and lowers its antennae (from Eberhard, 


1969). 


pend more of their energy reserves in foraging and nest 
building (Plateaux-Quénu, 1961; Spradbery, 1965). But 
the matter is far more complex than this. Energy depriva- 
tion and ovarian development very likely play some kind 
of a role, but other factors are at least equally important. 
When Gervet (1956) chilled the queens of Polistes gallicus 
overnight, to a degree that inhibited their egg production 
but not their daily activity, they retained their dominant 
status. They left more brood cells unfilled, however, and 
this in turn stimulated ovarian development in the subor- 
dinates. Deleurance (1948) was able to remove all of the 


ovaries of dominant P. gallicus by surgery, yet even this 
treatment did not affect their rank. Thus rank seems to 
determine ovarian development, while the reverse is not 
the case. Moreover, Gervet’s result precludes the possi- 
bility that ovarian development is controlled in a 
straightforward manner by nutrition. What evidently 
matters most is behavioral control over the empty brood 
cells. But what determines this more purely psychological 
phenomenon in turn is not at all clear. Experience seems 
to have something to do with it, since the first females 
arriving at new nest sites tend to dominate later arrivals. 
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It is also true, as noted already, that older workers tend to 
dominate their younger nestmates. 

The despotisms and dominance hierarchies of Bombus 
and Polistes have many qualities in common with aggres- 
sively organized vertebrate societies. But are they also 
similar in being based on recognition of individuals and 
memory of past experiences? This is at least a theoretical 
possibility in the smaller Bombus and Polistes colonies, 
which contain from several to a few tens of individuals. 
It is still a possible factor in colonies of a few hundred 
individuals, where the queens and high-ranking auxiliaries 
comprise a small company of elites who stay close to the 
active brood cells and are therefore in frequent contact. 
However, it becomes very difficult to conceive in the 
largest insect societies. Sakagami (1954) observed mild 
hostility among worker honeybees when the queen was 
absent, but he could see no evidence of a regular, Po- 
listes-like dominance hierarchy. He argued that since 
honeybee colonies contain tens of thousands of workers, 
few of whom live for more than a month, such a complex 
system of personal relationships is an impossibility. 

Sakagami’s reasoning is correct to a point, but it does 
not preclude a looser dominance system based on varia- 
tion in individual aggressiveness—as opposed to learned, 
pairwise relationships. In fact, Montagner (1966) has de- 
scribed just such a system in several European species of 
the social wasp subgenus Vespula (Paravespula). These 
insects form large annual colonies, which at the height of 
_ the season in late summer consist of a single mother queen 
and thousands of workers. As in Polistes, dominant 
workers assume an erect stance and subordinate ones 
crouch low during their encounters. Dominant workers 
take food, and subordinates regurgitate it to them. Often 
subordinate individuals regurgitate to each other while 
both assume crouching postures. Since the workers are 
sterile, competition in egg laying and egg stealing is not 
involved. All of the workers defer to the queen in both 
food exchange and oviposition. The virgin queens, who 
appear only in late summer, are dominant over the 
workers. As the numbers of virgin queens increase, and 
the foraging workers become fewer, there is fierce compe- 
tition over the dwindling food supply, leading even to the 
point of fighting. The disruption contributes to the final 
breakup of the colony in the fall. Montagner, by marking 
and following individual wasps, showed that the general 
level of dominance of single workers fluctuates to a limited 
extent independently of that of its nestmates, resulting in 
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a dynamic equilibrium in the overall frequencies of 
different categories of encounters during food exchange. 
As a consequence, the dominance behavior plays a deter- 
mining role in the division of labor. Montagner did not 
attempt to ascertain whether the wasps recognize one 
another individually, but, in view of their large numbers, 
this seems unlikely. I have watched motion pictures made 
by Montagner of his colonies with this point in mind, and 
it seemed to me that the outcomes of the encounters could 
just as easily be explained as ad hoc resolutions based on 
the relative aggressiveness (or eagerness) of the pairs of 
workers at the moment they meet. The Vespula case, 
involving as it does seemingly selfish behavior among 
members of a sterile worker caste in the presence of the 
queen, nevertheless raises some difficulties in the genetic 
theory of social behavior. I have tried to resolve them 
elsewhere, in Chapter 17. 

Except for the peculiar situation in Vespula (and a 
probably similar situation in the closely related genus 
Vespa: see Plateaux-Quénu [1961]) dominance based on 
overt aggression is virtually absent in the more advanced 
insect societies with sterile, morphologically distinct 
worker castes. In the stingless bees, the queen eats worker 
eggs—indeed, they are a principal component of her 
diet—but these are presented to her by the workers in the 
course of brood cell construction in a highly stereotyped 
fashion (see Chapter 5). At other times workers tend to 
avoid the queen and will often crouch in what appears 
to be a submissive posture when they encounter her face 
to face. But, with the possible exception of vertex tapping 
in Melipona quadrifasciata anthidioides, the queen does not 
behave in an aggressive manner (Sakagami er al., 1965). 
Honeybee workers, as just mentioned, are mildly aggres- 
sive toward each other in the absence of the queen, but 
form no structured dominance relationships. Ant and 
termite workers, so far as I know, never show aggression 
toward nestmates under normal conditions, and no rela- 
tionships that could be construed as dominance hier- 
archies in the usual sense appear to develop. 

The relationship between queen and workers in the 
higher social insects can be characterized in a phrase: 
gentle despotism. Under the influence of continuous, 
nonaggressive signals from the queens, the workers contrib- 
ute selflessly to the upkeep of the queen and to the rearing 
of her offspring, which it should be remembered are their 
brothers and sisters. In most cases where this advanced 
form of queen control has been analyzed, it has turned out 
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to be mediated by one or more pheromones passed from 
the queen to the worker. The best-known example is 
queen control in the honeybee, Apis mellifera. When the 
mother queen of a honeybee colony is removed, the 
workers respond in as short a time as 30 minutes by 
changing from a state of organized activity to one of 
disorganized restlessness. In a few more hours they begin 
to alter one or more worker brood cells into emergency 
queen cells, within which a new nest queen is eventually 
produced. A few days later, some of the workers begin 
to experience increased ovarian development. These com- 
bined releaser and primer effects were found by Butler 
(1954b) to be at least partly due to the removal of a 
“queen substance,” an inhibiting pheromone produced 
continuously by the queen. Now it appears that at least 
two inhibitory pheromones are involved in these effects. 
Moreover, the special treatment accorded the queen is due 
to at least two additional attractive scents, one of which 
is manufactured by Koschevnikov’s gland at the base of 
the sting (Butler, 1961; Butler and Simpson, 1965). 

One of the inhibitory pheromones present in the queen 
honeybee is trans-9-keto-2-decenoic acid. This substance 
was characterized in 1960 by Butler, Callow, and Johnston 
in England and, at the same time, by Barbier and Lederer 
in France. It is produced entirely in the queen’s mandibu- 
lar glands. The odor of the ketodecenoic acid alone is 
sufficient to inhibit to some extent both queen-rearing 
behavior and ovary development in worker bees. It works 
in conjunction with at least one additional inhibitory scent 
produced in a part of the body other than the mandibular 
glands. When experimentally injected into the body cavity 
of the worker, thus bypassing the external chemoreceptors, 
it continues to inhibit ovary development but not queen- 
rearing behavior (Butler and Elaine Fairey, 1963). Lüscher 
and Walker (1963) found that the corpora allata of 
workers increase in size for the first few days following 
removal of the queen, and they hypothesized that the 
inhibitory pheromones act by suppressing secretion of the 
“sonadotropic” hormone. Using synthetic material, Gast 
(1967) then confirmed that the queen substance inhibits 
development of these endocrine glands. Whether the 
pheromones produce their effects by direct action on the 
corpora allata or indirectly through a more circuitous 
route in the central nervous system remains to be learned. 

The queen must dispense on the order of 0.1 pg of 
9-ketodecenoic acid per day per worker in order for the 
inhibitory effect to work on the colony as a whole. Yet 
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at any given moment she carries only about 100 ug of the 
substance in and on her body (Butler and Patricia Paton, 
1962). The question is then raised as to how the queen 
manages to generate the 2 mg or more a day needed to 
supply her 20,000-80,000 daughters. We also know that, 
when the queen is removed, the supply of 9-ketodecenoic 
acid falls below the threshold level within hours. How is 
such a relatively stable molecule deactivated so quickly? 
Possible answers to both questions have been supplied by 
the recent studies of Norah Johnston, Law, and Weaver 
(1965). These investigators traced the metabolism of a 
radioactive form of the pheromone fed to worker bees and 
found that within 72 hours, 95 percent of it had been 
converted into inactive substances, consisting principally 
of 9-ketodecanoic acid, 9-hydroxydecanoic acid, and 
9-hydroxy-2-decenoic acid. The metabolic route shown in 
Figure 15-2 was then postulated. Johnston et al. have 
further hypothesized the existence of a “pheromone cycle.” 
The inactive molecules might be passed back to the queen 
as part of the regurgitated glandular queen food. The 
queen could then convert them into the active form by 
very simple enzymatic processes, resulting in a saving to 
the queen of a relatively enormous amount of energy 
required for the complete synthesis of the fatty acid chain. 

An additional puzzle was created by the early findings 
on inhibition by the “queen substance:” How can a nor- 
mal honeybee colony produce new queens during the 
annual breeding season in the presence of the mother 
queen? The solution was obtained by Butler (1960). By 
appropriate experiments, he first excluded the hypothesis 
that the attractiveness of “queen substance” is greater for 
preswarm workers than for workers from nonswarming 
colonies. Then he determined that the amount of “queen 
substance” (as measured by the inhibiting power of 
whole-body extracts) in mother queens from colonies 
involved in normal reproduction (by means of swarming) 
is only about a quarter that of mother queens from non- 
reproducing colonies. 
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CH,CHOH(CH,),CH—CHCOOH —> CH,CHOH(CH,),COOH 


FIGURE 15-2. Trans-9-keto-2-decenoic acid and its inactive 
derivatives produced within the body of the worker honeybee 
(based on Johnston, Law, and Weaver, 1965). 
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In view of the fact that the “queen substance” of the 
honeybee can no longer be equated with 9-ketodecenoic 
acid alone, Butler and Paton (1962) suggested that the 
term be discontinued. However, “queen substance” is well 
entrenched by now, and deservedly so. I would like to 
suggest that it be continued to loosely designate any 
pheromone, or set of pheromones, used in queen control. 

One additional class of queen substances, therefore, are 
the caste-inhibitory pheromones produced by the primary 
reproductive females of the lower termites. These phero- 
mones are decisive in their action—preventing pseuder- 
gates from transforming into secondary repro- 
ductives—and act over a period of only a few days. 
Although their chemistry has not yet been elucidated, a 
great deal is known about their anatomical sources, the 
means by which they are transmitted, and their varied 
physiological effects (see Chapter 10). 

Queen control over workers and brood also occurs 
widely in the ants. Its action, which is usually indirect, 
varies greatly among species. The control involves at least 
three forms of inhibition. First, the presence of the queen 
can restrict worker ovarian development, an effect that 
has been observed thus far in Leptothorax (Bier, 1954b), 
Myrmica (Mamsch and Bier, 1966), Plagiolepis (Passera, 
1965a) and Formica (Bier, 1956). These genera represent 
three of the most divergent subfamilies of ants— 
Myrmicinae, Dolichoderinae, and Formicinae. Further 
research may reveal that worker ovary inhibition is even 
„more widespread, if not universal, in the ants. Brian 
(1958a), in drawing attention to the many cases known 
of workers laying in the presence of queens, erroneously 
concluded that in ants “the queen does not inhibit worker 
oviposition entirely, if at all.” We now know that in many 
such cases the eggs laid by workers in the presence of 
queens are specialized trophic eggs, incapable of devel- 
oping and serving no purpose other than to provide pro- 
tein for the queen and larvae. Passera (1965a) has shown 
that workers of Plagiolepis pygmaea lay both trophic and 
normal eggs when isolated from queens, but only trophic 
eggs when a queen is present. 

The second potential effect of the queen’s presence is 
to reduce the percentage of larvae that develop into 
queens, and therefore to increase the percentage that 
develop into workers. This form of inhibition, so obviously 
parallel to the caste inhibition of honeybees and termites, 
has been documented in species of Monomorium (Peacock 
et al., 1954), Myrmica (Brian and Carr, 1960), Plagiolepis 
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(Passera, 1965b), and Formica (Bier, 1956). A third effect 
of the queen, so far recorded only in Formica (Bier, 1956), 
is the suppression of mating on the part of the virgin 
queens and workers while they are in the vicinity of the 
nest. 

The various forms of queen control have been ascribed 
to two very different physiological mechanisms. Cecily 
Carr (1962) reported that when dead Myrmica queens 
were presented at regular intervals to queenless colonies, 
their presence suppressed the growth of the larvae—and 
therefore reduced the likelihood of the larvae transform- 
ing into queens. The effect was removed when the corpses 
were separated from the larvae and nurse workers by a 
double gauze barrier, which prevented them from being 
touched or licked. Carr concluded that the inhibition is 
due to a relatively nonvolatile pheromone. Direct evidence 
for such a substance was later claimed by Brian and 
Hibble (1963), who obtained inhibition of larval growth 
by painting ethanol extracts of queen heads on the larvae 
and workers and also by feeding it to them in sugar. Brian 
and Blum (1969) subsequently narrowed this activity to 
the sterol fraction of the extracts. 

In contrast, Bier (1958) postulated that the inhibition 
of worker ovaries (but not necessarily larval development 
and caste determination) is due to a shortage of “profertile 
substances” normally produced in the glands of the 
workers. This material is considered to be necessary for 
full ovarian development. When the queen is present, she 
appropriates a lion’s share of it, leaving too little for the 
workers to develop their ovaries on their own. Mamsch 
(1967) has presented indirect evidence for the existence 
of profertile substances in Myrmica ruginodis. He found 
that, when larvae are absent, the queen’s power to sup- 
press the ovaries of her workers is decreased. The result 
is consistent with the notion that the queen, the larvae, 
and the workers all compete for the profertile substances. 
It is conceivable that when the larvae are removed, enough 
of the substances are shunted to the workers to make 
development of their ovaries possible. 

None of this evidence, for either inhibitory pheromones 
or profertile substances, is convincing. It is still too early 
to pick between the two hypotheses, or even to exclude 
the possibility that both forms of queen control exist. 
Clearly, the problem needs to be resolved by the chemical 
identification and quantitative assay of whatever phero- 
mones or food substances are involved. 

It is likely that queen control in ants will prove very 
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complicated. This is indicated not only by the growing 
complexity of the experimental evidence just cited, but 
also by some peculiar subsidiary phenomena that have 
been reported in social parasites. Queens of the workerless 
parasitic species Myrmecia inquilina, for example, in some 
unknown fashion inhibit the production of brood belong- 
ing to their host species, M. nigriceps and M. vindex, even 
though they tolerate the presence of the host queens and 
in fact show no trace of overt hostility to them (Haskins 
and Haskins, 1964). An even stranger relationship exists 
between Plagiolepis xene, another workerless parasite, and 
its host species P. pygmaea. As in the mixed Myrmecia 
colonies, the host and parasite queens live amicably side 
by side. But the presence of xene queens reduces fecundity 
in pygmaea queens, while the presence of pygmaea queens 
raises it in the xene queens (Passera, 1966). 

In the eusocial halictines Halictus duplex (Sakagami and 
Hayashida, 1958) and Evylaeus marginatus (Plateaux- 
Quénu, 1961), removal of the queen promotes ovarian 
development and egg laying in the workers. The nature 
of the control has not been investigated. Also, the exist- 
ence of queen control in other halictines remains only an 
untested possibility. 

Finally, a subtle form of queen control involving phero- 
mones exists in the vespine wasps. Long ago Marchal 
(1896, 1897) discovered that workers isolated from the 
queen undergo increased ovarian development. Mon- 
tagner (in Spradbery, 1965) found that workers taken from 
colonies prior to male production in late summer initiate 
ovarian development within ten days, but during male 
production they require only two days. These observations 
suggest that workers are adapted in some way to contrib- 
ute male-determined eggs of their own. In fact, Montagner 
(1963a) has noted that the queen tends to remain on the 
lowest comb where the greatest activity occurs, while 
males tend to be produced in the uppermost combs. It 
is conceivable: that workers farthest removed from the 
queen are contributing male-determined eggs. A more 
direct form of evidence pointing to a true queen substance 
was finally adduced by Ishay, Ikan, and Bergmann (1965). 
These Israeli biologists noted that the single mother queen 
of each large colony of Vespa orientalis is very attractive 
to the workers, who frequently crowd around her and lick 
her body, especially her head and mouthparts (Figure 
15-3). When a queen is removed, the workers undergo a 
series of striking changes reminiscent of honeybees de- 
prived of queen substance. Within hours they become 
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FIGURE 15-3. The mother queen of Vespa orientalis is 
attractive to workers in the intervals between ovipositions. The 
workers arrange themselves in a circle around her and lick her 
body, especially the head (from Ishay and Schwarz, 1965). 


quarrelsome and join in fights that are sometimes severe 
enough to be fatal. Many leave the nest and roam outside. 
Normal care of the brood is disrupted, and after a few 
days some of the workers even begin to lay eggs. Ishay 
and his associates found that alcoholic extracts from 
mother queens of V. orientalis were sufficient to attract 
and to calm the workers. When placed in cotton wads, 
this material was also licked by the wasps. Next, Ikan ef 
al. (1969) identified a substance from the head of V. 
orientalis with at least some of the expected properties of 
the queen substance. This is 6-n-hexadecalactone: 


CH3(CH2) or 


O 


In synthetic form this substance (unlike other substances 
tested, including other ö-lactones) is attractive to workers. 
It also induces queenless groups of workers to build queen 
cells at the end of the growing season, during September 
and October, a behavioral response that normally occurs 
only in the presence of an egg-laying queen. 


16 Social Homeostasis and the Superorganism 


A fundamental property of all life is the ability to 
maintain physiological steady states. In a properly tuned 
organism, the constant values attained in pH, in concen- 
trations of dissolved nutrients, in proportions of active 
organelles, and so on, are always held close to the optimal 
values for survival and reproduction. This homeostasis, 
as W. B. Cannon first termed it in 1932 in The Wisdom 
of the Body, is biology’s refined analogue of the control 
systems of advanced man-made machines. Like machine 
systems, physiological homeostasis is self-regulated by 
internal feedback loops that increase the values of impor- 
tant variables when they fall below certain levels and 
throttle them down when they exceed other, higher levels. 
The efficiency of homeostatic devices can be evaluated by 
the following standard test used in engineering: first the 
system is perturbed by altering the environment, then 
measurements are taken of the deviation of the variable 
from the optimum and the speed with which it returns. 
A common variant of the method is to place the system 
in a constant environment that differs from the optimum. 
Under this circumstance the property concerned will re- 
spond by fluctuating either around the optimum or at 
some level removed from it. A familiar machine analogue 
is the slight fluctuation in the temperature of a room 
containing a thermostat. The two measures of homeostatic 
efficiency that can be taken in this special kind of envi- 
ronmental alteration are, first, the amount by which the 
average value deviates from the optimum (the difference 
between the average room temperature and the thermo- 
stat setting), and, second, the magnitude of the fluctua- 
tions (the average variation in room temperature). In 
recent years the analyses and descriptions of steady state 
systems in physiology have become increasingly mathe- 


matical and are now usually incorporated into general 
control system theory, a branch of engineering that was 
created during World War II to facilitate the design of 
automatic weapon systems (Grodins, 1963). 

At a higher level, social insects display marked homeo- 
stasis in the regulation of their own numbers and of their 
nest environment. This class of steady-state regulation has 
been aptly termed social homeostasis by Emerson (1956b). 
An example, illustrated in Figure 16-1, is the regulation 
of nest temperature by two kinds of social insects, the 
honeybee and a species of social wasp in the genus 
Vespula, when their nests are placed in cold air. It can 
be seen that not only do the honeybees maintain a higher 
nest temperature but they also permit less fluctuation. On 
both counts, therefore, the honeybee colony thermostat 
can be said to be superior to that of the wasps. A particular 
homeostatic control of this sort can be most succinctly 
represented by the standard block diagram of systems 
analysis given in Figure 16-2. 


Thermoregulation by Honeybees 


The regulation of nest environment is a general capa- 
bility of the social insects. It is minimal or absent in those 
more primitive groups that form very small colonies but 
universal in the groups that form large and complex 
colonies. Control is achieved in one or the other of two 
very general ways: through nest structure designed to 
achieve long-term control over a wide variety of environ- 
mental change, or through the short-term behavioral re- 
sponses of individual colony members to particular envi- 
ronmental perturbations. Both methods are sometimes 
employed together. For example, many ant and termite 
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FIGURE 16-1. The nest temperature maintained by colonies 
of honeybees (Apis mellifera) and social wasps (Vespula 
vulgaris) in cold air (redrawn from Kemper and Dohring, 
1967). 


nests are elaborately constructed to cause automatic tem- 
perature and humidity regulation within the brood cham- 
bers. In addition, the individual colony members accom- 
plish a fine adjustment by moving the brood to those 
precise spots within the chambers that contain the closest 
approach to the preferred microenvironment. 

The best understood of all control systems is thermo- 
regulation in the honeybee colony. A favorite subject of 


SYSTEM: 
properties 


COLONY: 
Total metabolic heat, 
communication, and 
Nest temperature | summed behavioral 
lowered responses 


ENVIRONMENTAL 
CHANGE: 


ENVIRONMENTAL 
CHANGE: 


Nest temperature 
raised back to 
optimal level 


FIGURE 16-2. A control system is analyzed by measuring 
the alteration (input) imposed on it, the response (output), and, 
if possible, the internal properties of the mechanism that 
control the response. The standard block diagram of the upper 
figure is translated in the lower figure into the properties that 
are measurable in thermoregulation and other forms of colony 
homeostasis in the social insects. 
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melittologists for decades, it has been especially well 
studied by Gates (1914), Park (1925), Hess (1926), 
Himmer (1926, 1927), H. F. Wilson and Milum (1927), 
Corkins (1930), Anderson (1948), and Lindauer (1954b). 
Its physiological basis has been well reviewed by Ribbands 
(1953); the behavioral control mechanisms, by Lindauer 
(1961). The honeybee colony makes an important first step 
toward thermoregulation by selecting a nest site, such as 
a hollow tree trunk or artificial hive, that tightly encloses 
the brood combs and the majority of the adult workers 
at all times. The workers use various plant gums, collec- 
tively referred to as propolis, to seal off all crevices and 
openings except for a single entrance hole. This procedure 
not only keeps enemies out, but, just as importantly, it 
holds in heat and moisture. The precision of temperature 
control then attained within the nest is astonishing. From 
late spring to fall, when the workers are foraging and 
brood is present and growing, the interior temperature of 
the hive is almost always between 34.5° and 35.5°C—in 
other words, just below the normal body temperature of 
man. In winter the temperature of the clustered bees falls 
below this level, but it is still held very high (between 20° 
and 30°C) most of the time and is almost never allowed 
to fall below 17°C (see Figure 16-3). On one remarkable 
occasion recorded by Gates (1914) the temperature of the 
adult bee clusters was 31°C at the same time the air 
temperature outside the hive was —28°C, a difference of 
59°C! The ability of the bees to withstand high tempera- 
tures is equally impressive. Lindauer (1954b) placed a hive 
of bees in full sunlight on a lava field near Salerno, Italy, 
where the surface temperature reached 70°C. As long as 
he permitted workers to take all the water they wanted 
from a nearby fountain, they were able to maintain the 
temperature inside the hive at the desired 35°C. 

How do the worker bees do it? First, they are able to 
generate a respectable amount of heat as a by-product 
of metabolism. The amount produced varies greatly ac- 
cording to the age and activity of the individual bees, the 
humidity and temperature of the hive, and the time of 
the year. However, under most conditions each bee gen- 
erates at least 0.1 calorie per minute at 10°C (M. Roth, in 
Chauvin, 1968a). Presumably a colony of moderate size, 
containing 20,000 or more workers, is capable of produc- 
ing thousands of calories per minute. 

The honeybee colony makes use of this natural output 
of heat, which is about average at a rate per gram for 
insects generally, together with several ingenious behav- 
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FIGURE 16-3. Portions of a continuous record (4-C) of the 
temperature of honeybee clusters within the hive and of the air 
outside the hive during winter; (D) record of a hive kept in an 
unheated cellar; after disturbances (S) and exercise flights (F), 

_the cluster temperature temporarily rose (redrawn from Rib- 
bands, 1953; based on Himmer, 1926). 


ioral devices, to hold the hive temperature at the preferred 
levels. The winter temperature of the hive, as we have 
seen, is less closely regulated than the summer hive tem- 
perature. The mechanisms used in cold weather are first 
the formation of clusters and second the adjustment of 
cluster tightness, which is achieved as the outside temper- 
ature drops. The workers bunch closer together and the 
total cluster size correspondingly shrinks (Figure 16-4). 
Clusters begin to be formed when the hive temperature 
around the bees falls below 18°C. This raises the temper- 
ature surrounding the bodies of the bees to some undeter- 
mined level. By the time the hive temperature has 
dropped to 13°C, and the temperature of the outside air 
has fallen much lower than that, most of the bees have 
formed into a very compact cluster that covers part of the 
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brood combs like a warm, living blanket. The outer zone 
of the cluster is composed of several layers of bees who 
sit quietly with their heads pointed inward. Those com- 
posing the inner zone are more active. They move about 
restlessly, feed on the honey stores, and from time to time 
shake their abdomens and breathe more rapidly. Direct 
measurements have shown that the central bees generate 
most of the heat, while the outer bees serve as an insu- 
lating shell. Together they prevent the temperature of the 
inner zones of the cluster from falling below 20°C even 
when the air immediately surrounding the cluster inside 
the hive approaches the freezing mark. 

Temperature control on summer days is even more 
sophisticated and precise. As summer heat drives the inner 
hive temperature upward past 30°C or thereabouts, the 
temperature of the air immediately surrounding the adult 
workers and brood starts to rise above the preferred 35°C 
level. At first the workers cool the hive by fanning with 
their wings to circulate air over the brood combs and then 
out the nest entrance. When the hive temperature exceeds 
about 34°C, this simple device no longer suffices. Now 
water evaporation is added by an elaborate series of 
behavioral acts. Water is carried into the nest by the 
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FIGURE 16-4. As the outside temperature falls during the 
winter, honeybee workers group together more tightly, and the 
size of the cluster correspondingly shrinks. In these diagrams 
the outlines of the cluster of a colony are shown on the 
background of the interior of the hive on various winter days. 
The dates and outside temperatures are provided inside the 
outlines (redrawn from Ribbands, 1953; based on H. F. Wilson 
and Milum, 1927). 
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workers and distributed over the brood cells, as illustrated 
in Figure 16-5. Other workers regurgitate droplets onto 
their tongues and then extend the tongues outward, 
spreading the water into films from which evaporation is 
rapid. Other workers fan their wings to drive the moist 
air away from the brood cells and out of the nest. 

The tuning of this social ‘air-conditioning system has 
been characterized by Lindauer (1961): 


One might imagine that each bee would set out to collect water 
as muon as it detects the overheating. This is not so; not just 
any bee is able to collect water. Only bees that know the terrain 
and are experienced foragers can perform this task. Further- 
more, it is an advantage when bees are divided into water 
collectors and water sprinklers. So there is a very strict division 
of labor between the older fiying bees, who collect water outside, 
and the younger hive bees, who distribute it. Indeed, we found 
4 special mode of communication by means of which the water 
collectors receive insructions from the hive bees about when 
to start collecting and when to stop. 


Let us begin with the simple case. Let us assume that water 
collecting is stall in progress and the foragers are to be informed 
whether or not there is need for more water. To transmit this 
information the hive bees make use of the short moment when 
they have contact with the collectors: this is during water delivery 
at the entrance hole. As long as overheating exists, the home- 
coming foragers are relieved of their burdens with great greed; 
three or four bees at once may rush up to a collector and suck 
from her the extruded water droplet. This stormy begging 
informs the collector bee that there is a pressing need for more 
waver. When the overheating begins to subside, however, the 
hive bees show less interest in the water collectors. The latter 
now have to run around in the hive themselves, trying to find 
somewhere a bee that will relieve them of at least part of the 
mater load. The delivery in such cases takes much more time, 
of course. This rejecting attitude contains the message “Water 
needs fulfilled,” and the water collecting will thus stop, even 
though the collectors themselves have not been at the brood 
nests to experience the changed temperature situation. 


This delivery time is in fact an accurate gauge of water demand. 
As shown in {the accompanying figure], with delivery times up 
to I) ver, the collecting is continued industriously. Beyond that, 
however, the eagerness for collecting decreases rapidly, and 
when delivery takes longer than 3 min collecting practically 
teases altogether. 

A second point is apparent: When delivery times are very short 
(up to W sec), the water collectors even perform recruiting 
dances 16 stimulate hive bees to fly to the water source. . . These 
recruiting dances subside somewhat if the delivery time is longer 
than W sec, and later cease completely. 


The recruitment of water carriers and the contro] of 
water intake at the colony level is thus seen to be a form 
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FIGURE 16-5. As the hive becomes overheated, workers 
distribute droplets of water over the brood cells as shown here. 
As the water evaporates, it cools the surrounding area. 
Meanwhile other bees fan the moist air out of the nest (after 
Lindauer, 1961; from Park, 1925). 


of mass communication resembling in many respects re- 
cruitment by odor trails in ants. In both systems it is only 
by the summation of large numbers of actions at the level 
of individual workers that the quantitative needs of the 
colony as a whole can be measured and filled. 
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FIGURE 16-6. Need for water in the overheated honeybee 
hive is communicated to the forager bees by the receiving hive 
bees who then distribute it over the combs in droplets. 
Communication consists of the following relation: the more 
quickly water is accepted by the hive bees, the more readily the 
forager bees collect additional water. The number of 
water-collecting flights decreases as the time required for 
delivery increases. With very short delivery times (20-40 
seconds, shown here in shaded columns), the foraging bees are 
even induced to perform an alerting dance after each collecting 
flight to recruit new bees to help gather water (redrawn from 
Lindauer, 1961). 
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Microclimatic Control by Other 
Social Insects 


Thermoregulation is a common phenomenon through- 
out the remainder of the social Hymenoptera, but nowhere 
is it known to be as organized and precise as in the 
honeybee. Fanning is employed by primitively eusocial 
bees in the halictine genus Augochlorella (Michener, 
1969a), as well as by bumblebees (Plath, 1923; Himmer, 
1933; Hasselrot, 1960). None of these bees are known to 
employ water cooling, but their temperature regulation 
is, nonetheless, efficient. Himmer, for example, found that 
the inner temperatures of the larger nests of Bombus 
agrorum are kept within one degree of 30°C. Stingless bees 
of the genus Melipona also use fanning to cool overheated 
nests. The bees place their bodies and beat their wings 
in such a way as to draw air through the tiny channels 
of the batumen plates and drive it out through the nest 
entrance in the manner illustrated in Figure 16-7 
(Nogueira-Neto, 1948; Kerr et al., 1967). 

Among the social wasps, colonies of Polistes, Polybia, 
Vespa, and Vespula use both fanning and water transport 
to cool overheated nests (Steiner, 1930; Schwarz, 1931; 
Himmer, 1932; Weyrauch, 1936; Gaul, 1952; Kemper and 
Dohring, 1967). In fact, Polistes workers show a sequence 
of two responses to rising temperatures which is remark- 
ably similar to that of the honeybees. According to Steiner, 
the adult wasps begin to fan with their wings when the 
temperature at the surface of the brood comb reaches 
some point around 35°C. Even males take part in this 
activity. If the temperature continues to rise, adult fe- 
males, especially the mother queen, begin to collect water 
and to distribute it in droplets over the nest surface. 
Despite the fact that the nests of Polistes consist of single 
brood combs exposed to the air, a satisfactory degree of 
control is attained. During most of the summer days the 
temperature of the comb surface ranges between 34° and 
37.5° and usually stays close to 34.5°, the optimal tem- 
perature for brood development. Nests of Vespula (Para- 
vespula) are kept much cooler. The interior of one nest 
of V. vulgaris monitored by Himmer rose to 34° on the 
hottest day of the study period, when the air temperature 
outside reached 36°, and it fell to only 26° when the 
outside temperature dipped to 9° on the coldest aay. 
During the observation period the outside temperature 
averaged 18.5°, but the internal nest temperature re- 
mained almost always between 29.5° and 32°. 

The ants are also able to regulate the environment of 
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FIGURE 16-7. Workers of the stingless bee Melipona 
seminigra merrillae fanning at their nest entrance. This action 
draws warm air out through the nest opening and cool air into 
the nest through pores located elsewhere in the nest wall (draw- 
ing by Joäo Maria F. de Camargo, in Kerr et al., 1967). 


their nests, but they differ radically from the remainder 
of the social Hymenoptera in the means by which they 
do it. Lacking wings, worker ants are of course not able 
to ventilate the nests by fanning. And, since they are also 
unable to commute rapidly to sources of open water, they 
do not employ droplet evaporation in the manner of the 
honeybees and social wasps. Instead, they rely heavily on 
the location and construction of the nest to achieve auto- 
matic microclimate regulation. In addition, they are able 
to move the brood around at will within the chambers 
of the nest to reach the spots best suited for development. 
In most ant species all stages of brood are kept in the 
warmest chambers, in the upper range of 25°-40°C when 
these temperatures are available, but pupae are usually 
segregated into the drier parts. Therefore, when choosing 
microenvironments within the nest, the workers can be 
said to seek one or the other of at least three preferenda: 
one for themselves when alone, one for eggs and larvae, 
and one for pupae. The great majority of bees and wasps, 
on the other hand, rear their immature stages in fixed 
brood cells and are not able to transport them to shifting 
nursery areas in the face of changing local conditions. 

As a homeostatic measure of last resort, the colonies 
of most species of ants are willing to move to new nest 
sites that provide more favorable microenvironments. 
During these colony emigrations, queens walk under their 
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own power and the brood is carried. The winged social 
Hymenoptera are also able to vacate old, unfavorable sites 
and construct new nests elsewhere; the process is called 
“absconding” by melittologists. The brood cannot be 
moved in this case, and it is left behind to die. The 
adults must then start a new brood from the egg stage. 
In the meliponine bees, absconding is a rare and especially 
precarious undertaking. When it occurs, as reported in 
Trigona by Portugal-Araüjo (1963), for example, the 
mother queen must be left behind since she is unable to 
fiy, and the colony must produce a new queen and see 
her successfully through her nuptial flight in order to 
survive. Because such restrictions do not apply to ants, 
it is no surprise to learn that they change nests more 
frequently than do bees and wasps. There are even a few 
species of ants, such as Monomorium pharaonis, Tapinoma 
melanocephalum, Iridomyrmex humilis, and Paratrechina 
longicornis, which specialize in occupying flimsy, unstable 
nest sites and rely heavily on frequent colony emigrations 
to maintain a favorable brood environment. Captive 
colonies of these species in the laboratory appear “nerv- 
ous” to the observer; at the slightest disturbance the 
workers begin to pick up pieces of brood and walk around. 
Given access to a better nest chamber, they will lay odor 
trails and organize emigration within minutes. Such spe- 
cies resemble the “fugitive” or “opportunistic” species of 
ecological classifications. That is, they depend on finding 
newly opened sites, exploit them for whatever brief time 
they are suitable, and then quickly move on as soon as 
the sites become unfavorable. Other ant species change 
nest sites only when the old site is drastically altered, and 
they require hours or days to accomplish it. As a rule, 
the more elaborate the nest structure of the species, the 
less mobile the colonies. Harvesting ants of the genus 
Pogonomyrmex and fungus-growing ants of the genus 
Atta, for example, usually emigrate only when the old nest 
is seriously disturbed. 

Ant colonies that nest in the soil benefit from the cir- 
cumstance that, at depths below a few centimeters, both 
temperature and humidity are subject to relatively little 
fluctuation throughout the year. In warm temperate zones 
especially, the soil microclimate appears to be close to 
ideal for brood development. Most ant species construct 
nests primarily in the soil or at the soil surface just beneath 
the covering layer of leaf litter and humus, and many 
occupy pieces of rotting wood. The largest number of 
species in tropical forests, by contrast, utilize small pieces 
of rotting wood on the ground, a smaller number nest 
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arboreally or in rotting logs, and still fewer nest entirely 
in the soil (Wilson, 1959d). The largest number of ant 
species in north temperate areas nest in the soil beneath 
rocks, a tendency that is especially marked in the boreal 
coniferous forests that contain the effective northernmost 
limit of the distribution of ants as a whole. A considerable 
number of northern species also occupy dead logs and 
stumps or nest in the open soil. 

The thermoregulatory properties of rocks, especially 
those that are flat and set shallowly into the soil, are 
obvious. In temperate zones during the spring, the sun 
warms the rocks and the soil just underneath much more 
rapidly than the surrounding soil and humus, and it thus 
allows an earlier initiation of egg laying and brood devel- 
opment than would be possible otherwise. The same 
property is possessed by the bark of decaying stumps and 
logs and the frass-filled spaces underneath. In spring, 
workers, queens, and brood crowd together in such places 
and only gradually retreat to the inner chambers of the 
nest at the onset of hot, dry weather. Species that utilize 
rocks, stumps, or logs are also less vulnerable to low 
humidities and high temperatures than those that nest 
exclusively in the soil. Gösswald (1938) found that in 
Germany only the latter class of species requires 100 
percent relative air humidity for indefinite survival. 

A more advanced form of microclimatic regulation has 
been attained by the small minority of ant species that 
build mounds. True mounds are not to be confused with 
simple “craters,” which are no more than rings of exca- 
vated soil around nest entrances. They are symmetrically 
shaped piles of excavated soil, rich in organic materials, 
perforated with dense systems of interconnected galleries 
and chambers that serve as living quarters for the ants, 
and often thatched with bits of leaves and stems or 
sprinkled with pebbles or pieces of charcoal. The soil 
beneath the mounds also contains very extensive galleries 
and chambers, and normally only a fraction of the col- 
ony’s population is to be found in the mound itself at any 
given moment. Mound-building species are found in the 
myrmicine genera Atta, Acromyrmex, Myrmicaria, Pogono- 
myrmex, and Solenopsis in the tropics and warm temper- 
ate zones in various parts of the world, in the doli- 
choderine genus Iridomyrmex in Australia, and in the 
formicine genera Formica and Lasius in Europe, Asia, and 
North America. True mounds are encountered in a wide 
range of environments, but they are most common in 
habitats subject to extremes of temperature and hu- 
midity—bogs, stream banks, coniferous woodland, and 
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FIGURE 16-8. Two mound nests, probably belonging to the 
same colony, of the Allegheny mound-building ant Formica 
exsectoides in Pennsylvania. Both mounds have been cut back 
to the center to reveal the honeycomb-like system of earthen 
galleries and chambers (from McCook, 1877). 


deserts. Pierre Huber (1810) first suggested that the pri- 
mary function of mounds is microclimatic regulation, and 
the hypothesis became a subject for investigation by a long 
line of later European and American investigators. The 
most intensive analyses have been by Andrews (1927) on 
Formica exsectoides (see Figure 16-8), Wellenstein (1928) 
on F. rufa, Steiner (1929) on members of the F. rufa and 
F. exsecta groups, Katô (1939) on F truncorum, Raignier 
(1948) on F. polyctena, and Scherba (1959, 1962) on 
F. ulkei. 

All of these studies have confirmed that mound con- 
struction provides higher internal nest temperatures dur- 
ing cool weather. Katô, Raignier, and Steiner further 
reported that, in the F. rufa group of species, the mound 
temperatures, especially 20 to 30 cm beneath the surface 
of the mound apex, vary less than those of the surrounding 
air and soil and stay consistently close to the preferenda 
displayed by the ants. On the other hand, Scherba (1962) 
discovered a more complex, and in some ways more in- 
teresting, situation in F. ulkei, a member of the exsecta 
group. In this species the mound temperatures not only 
remain higher, they vary much more with depth than the 
surrounding soil, as illustrated in Figure 16-9. The F. ulkei 
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mound, in short, provides a steeper temperature gradient 
than does unworked soil. As a result, workers are able to 
discriminate finely when selecting brood chambers that 
match the different preferred temperatures of the various 
developmental stages of the brood. Moisture is also much 
more uniform in the F. ulkei mounds. Compared with the 
adjacent soil, the mound nests monitored by Scherba had 
higher minimum values at 30cm and lower maximum 
values at 5cm and, consequently, a smaller moisture 
gradient between these two depths. The grand weekly 
moisture content of the nests was 29.40 + 0.54 percent at 
30 cm and 27.23 + 0.66 percent at 5 cm. There can be no 
doubt that the humidity regulation attained by F. ulkei 
in its mounds is adaptive. The workers regularly shift 
brood up and down through the dense system of chambers 
and vertical galleries, with the pupae normally being 
concentrated in the drier upper layers. By means of labo- 
ratory experiments, in which workers were permitted to 
move their brood along artificially produced humidity 
gradients, Scherba was able to determine the humidity 
preferenda for larvae and pupae. The results provide a 
remarkably close match with the moisture contents at 
different levels of the natural mound nests just cited: 
29.58 + 0.04 percent for larvae and 27.58 + 0.04 percent 
for pupae. 

In spite of the vast numbers of temperature and hu- 
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FIGURE 16-9. The seasonal cycle of mean temperature 
within 20 nests of the mound-building ant Formica ulkei and 
the soil adjacent to the nests. The mound temperatures not 
only average higher than those in the surrounding soil, they 
also vary with depth, providing a gradient along which the ants 
distribute the various developmental stages according to their 
particular temperature preferenda (from Scherba, 1962). 
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midity measurements taken in ant mounds by a host of 
investigators during the past hundred years, we still have 
only a very limited understanding of the basis for envi- 
ronmental control in these nests. The outer, crust-like layer 
of the mound seems to reduce loss of heat and moisture, 
as one would expect. The shape of the mound itself ex- 
poses it to more sunlight and enhances warming on cool 
days, especially in the spring and fall. The mounds of 
some species of Lasius and Formica in addition have 
longer, more gently sloping faces to the south, which 
increases the amount of exposure still more (Andrews, 
1927). For centuries such nests have been used as crude 
compasses by natives of the Alps. Thatching of the mound 
surface, a common feature in the nests of many but not 
all species, appears to reduce erosion of the crust by rain. 
Perhaps it also provides trapped air spaces that improve 
insulation. The higher concentration of organic material 
found in all such nests results in greater moisture reten- 
tion, but this is offset to some unknown degree by the 
increased surface area provided by the system of chambers 
and galleries. 

Regardless of which specific features are important in 
functional design, the mound is certainly no accidental 
accumulation of excavated earth. It is in a constant state 
of flux, as workers move materials around to reinforce and 
to repair the crust and the interior (Cole, 1932; Kloft, 
1959a; Chauvin, 1959). When mounds are broken apart 
or their shape altered experimentally, the ants set to work 
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immediately to restore the original form. Furthermore, 
some mound-building species regularly open and close the 
nest entrances in apparent response to humidity or tem- 
perature changes. Workers of Formica rufa dig large 
openings on the surface of the mound following rains, and 
Wellenstein (1928) has suggested that this alteration serves 
to reduce humidity inside the nest. Unfortunately, these 
seeming correlations between environmental change and 
behavioral responses will remain no more than subjects 
for speculation until a serious micrometereology of ant 
nests is created, one that utilizes physical models and 
experiments with both real and simulated nest structures. 

In a few cases ants arrange their own bodies to achieve 
environmental control in a manner that suggests the win- 
ter clustering of honeybees. The most impressive example 
is temperature control within the nomadic-phase bivouacs 
of the surface-dwelling army ants (Schneirla, Brown, and 
Brown, 1954; Jackson, 1957). The hundreds of thousands 
of Eciton workers belonging to a single colony form shel- 
ters out of nets and chains created from their own bodies, 
which are hooked together by their tarsal claws and piled 
layer upon layer to create a single massive cylinder sus- 
pended from some log or tree trunk on the rain forest 
floor. In the center of the mass, where the queen and 
brood are placed, the temperature is consistently 2-5°C 
higher than the surrounding air (see Figure 16-10). So far 
as is known, the effect is attained entirely by the trapping 
of metabolic heat within the air spaces created by the 
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FIGURE 16-10. Thermoregulation within a body mass of army ants (Eciton hamatum) in a Central American 
rain forest. The ants form bivouacs consisting entirely of their own intertwined bodies suspended from a tree 
trunk or log, as indicated in the right-hand portion of the figure. Within this cluster temperatures are maintained 
at a level several degrees higher than the surrounding air (from Schneirla, Brown, and Brown, 1954). 
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FIGURE 16-11. 


The nests of the evolutionarily more advanced termites are built from soil and fecal material, and the workers 
forage out through or over the soil to collect cellulose. This diagram shows the large foraging area, approximately 1.5 acres in extent, 
utilized by a single colony of Coptotermes lacteus in Australia. The bulk of the colony, which contained approximately a million 


workers, was housed in the mound nest (M) in the center of the diagram. Workers foraged through subterranean galleries to dead logs 


and branches to obtain food; these objects are outlined in black if still solid, or in dashed lines if already reduced to a shell by feeding 
(modified from Ratcliffe and Greaves, 1940). 
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intertwined bodies of the ants. A different kind of direct 
behavioral thermoregulation has been suggested for For- 
mica rufa by Zahn (1958). In cool weather workers leave 
the nests in large numbers to sun themselves in open air 
close by. Zahn believes that, when the workers return, they 
significantly raise the nest temperature by radiating heat 
from their bodies. This Wärmeträgertätigkeit was put forth 
as a new kind of stereotyped social behavior. The amount 
of heat flux generated by the movement of such workers 
has not been measured, however; nor can it be certainly 
identified as anything more than a felicitous by-product 
of normal foraging activity. 

Although the ants present a great array of adaptations 
in their nest structure, it is the termites that have raised 
nest architecture to the heights in the service of the colony 
homeostasis. In fact, the entire history of the termites, 
from their cryptocercoid roach origins to the appearance 
of the advanced fungus-growing termitids, can be viewed 
as a slow escape by means of architectural innovation 
from a dependence on rotting wood for shelter (Emerson, 
1938; Noirot, 1958-1959). Most of the lower termites 
belonging to the families Kalotermitidae, Hodotermitidae, 
and Rhinotermitidae live partly or entirely in the wood 
on which they feed. Galleries are lined and crevices filled 
with fecal pellets containing large quantities of lignin, and 
special salivary secretions may be added as a kind of glue. 
Microenvironmental regulation is evidently not pro- 
nounced in such nests. Like the soil-dwelling ants, the 
primitive termites rely heavily on the natural insulating 
properties of their nest materials and on their own ability 
to move from chamber to chamber as local conditions 
demand. The more advanced termites, on the other 
hand—from certain rhinotermitid genera such as Copto- 
termes up to the Hodotermitidae and Termitidae— 
penetrate the soil and rely principally on special struc- 
tures, usually regularly formed mounds or towers, that are 
constructed above ground level away from the sources of 
cellulose (see Figure 16-11). 

Liischer (1956b, 1961a) found that the formed nests of 
the higher termites vary enormously in their ability to 
regulate temperature. Three of the African species stud- 
ied—Amitermes evuncifer, Thoracotermes macrothorax, 
and Microcerotermes edentatus—build small nests with 
thin walls and possess almost no thermoregulatory ability. 
Oxygen and carbon dioxide are exchanged directly 
through the cardboard-like outer nest walls. Because of 
the small size of the nests, this crude method of ventilation 
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FIGURE 16-12. Longitudinal sections of nests of the African 
termitids Amitermes evuncifer and Cephalotermes rectangularis. 
On the right are temperatures, recorded continuously for 48 
hours, of the inside of the nests and of the air outside. The 
smaller, more simply constructed Amitermes nest tracks the 
outside temperature closely, but the larger and better insulated 
Cephalotermes nest maintains a higher and more nearly 
constant temperature (modified from Lüscher, 1961a). 


suffices. A fourth species, Cephalotermes rectangularis, 
constructs a larger nest with a much thicker wall. The 
result is greatly improved thermoregulation (illustrated in 
Figure 16-12), but the Cephalotermes pay a price in slower, 
less efficient ventilation. 

The fungus-growing termites of the genus Macrotermes 
have achieved a brilliant advance over Cephalotermes and 
other termites in the degree of nest microclimatic regula- 
tion. This has been accomplished entirely by innovations 
in nest architecture. The entire nest, to put the matter as 
succinctly as possible, has been turned into an air- 
conditioning system. The basic principles, first elucidated 
in full by Lüscher, are summarized in Figure 16-13. 


Other Examples. of Social Homeostasis 


Constancy attained by behavioral and physiological 
regulation is a feature built into virtually every facet of 
the life of insect societies. Much of the communication 
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PES 


CARBON DIOXIDE (PERCENT) 


FIGURE 16-13. Air flow and microclimatic regulation in a nest of Macrotermes bellicosus in Africa. (The diagrammatic longitudinal 
section of the nest shown here can be compared with the more detailed drawing in Figure 6-11.) At each of the positions indicated, the 
temperature (in degrees Celsius) is shown in the upper rectangle and the percentage of carbon dioxide appears in the lower 

rectangle. As air warms in the central core of the nest (a, b) from the metabolism of the huge colony inside, it rises by convection to the 
large upper chamber (c) and then out to a flat, capillary-like network of chambers (4) next to the outer nest wall. In the outer chambers 
the air is cooled and refreshed. As this occurs, it sinks to the lower passages of the nest beneath the central core (e, f). The curves at the 
side show how the temperature and carbon dioxide change during circulation. These changes are brought about by the diffusion of 
gases and the radiation of heat through the thin, dry walls of the ridges (modified from Ltischer, 1961a). 


among the colony members is in fact devoted to it. The 
great diversity of the kinds of controls are illustrated by 
the following examples: 

1. Queens tend to inhibit oviposition by workers and 
the creation of new, rival queens by an armament of 
devices ranging from direct aggression to the secretion of 
inhibitory primer pheromones. In the termites, caste- 
specific inhibitory pheromones are also produced by 
reproductive males and possibly also by soldiers. In 
some ant species and in termites generally, the workers 
kill off (and in some cases also eat) all supernumerary 
queens until only one remains in each colony. (Chapters 
10 and 15). 


2. When colonies of the termite genus Zootermopsis are 
kept on a diet lacking in nitrogen, the workers restore the 
balance by cannibalism. The intensity of the cannibalism 
is proportional to the length of the period of starvation. 
When protein is again added to the diet, the cannibalism 
ceases (Cook and Scott, 1933). In Coptotermes lacteus, 
surplus virgin reproductives are consumed when it is no 
longer possible to conduct nuptial flights, in effect render- 
ing these individuals useless for reproductive purposes 
(Ratcliffe et al., 1952). 

3. The number of workers of fire ants (Solenopsis 
saevissima) attracted to a food source along an odor trail 
increases linearly as the amount of trail pheromone laid 
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down increases, and the amount of pheromone increases 
with the number of workers laying trails, which, in turn, 
is simply the number that are able to feed at the food 
source. As a result, the number of workers approaching 
a food source along an odor trail is a linear function of 
its size, and the number at the food source at any given 
moment approaches a constant (see Chapter 13). Mass 
communication of this kind implies homeostatic controls 
since, by definition, it involves the regulation of numbers 
of participating individuals. Another closely parallel ex- 
ample is the control of the number of honeybee workers 
visiting a food source or new nest site by means of the 
number of workers induced to perform waggle dances. 

4. The queen of Bombus agrorum (and probably other 
bumblebee species as well) exercises a subtle form of birth 
control related to the number of workers available to serve 
as nurses for the larvae. The queens always construct the 
egg cells themselves, and most of the cells are placed on 
top of cocoons containing pupae that are not more than 
three days old. The number of cells are thus dependent 
to some extent on the number of workers that will soon 
be emerging. In addition, the queen lays from 4 to 16 eggs 
per cell, and the number in any given cell tends to increase 
in proportion to the number of cocoons underneath the 
egg cell. The queen somehow gauges the number of future 
workers that will soon emerge in the vicinity of that par- 
ticular egg cell, thereby deciding the number of eggs she 
will lay (Anne D. Brian, 1951). 


The Superorganism Concept and Beyond 


The idea of social homeostasis leads easily to the visu- 
alization of the entire insect colony as a kind of super- 
organism. In fact, the story of the superorganism concept, 
from its origin as a philosophical wea sixty years ago to 
its present sharp decline in contemporary thinking, should 
prove instructive to historians of science as well as to 
biologists with a more immediate interest in the subject. 
During some forty years, from 1911 to about 1950, this 
concept was a dominant theme in the literature on social 
insects. Then, at the seeming peak of its maturity it faded, 
and today it is seldom explicity discussed. Its decline 
exemplifies the way inspirational, holistic ideas in biology 
often give rise to experimental, reductionist approaches 
that supplant them. For the present generation, which is 
so devoted to the reductionist philosophy, the super- 
organism concept provided a very appealing mirage. It 
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drew us to a point on the horizon. But, as we worked 
closer, the mirage dissolved—for the moment at least— 
leaving us in the midst of unfamiliar terrain, the explora- 
tion of which came to demand our undivided attention. 

William Morton Wheeler believed in the reality of the 
superorganism. In his famous essay “The ant colony as 
an organism” (1911) he stated that “the animal colony 
is an organism and not merely the analogue of the per- 
son.” Of course, one has to pay close attention to his 
definition of organism: “An organism is a complex, 
definitely coordinated and therefore individualized system 
of activities, which are primarily directed to obtaining and 
assimilating substances from an environment, to pro- 
ducing other similar systems, known as offspring, and to 
protecting the system itself and usually also its offspring 
from disturbances emanating from the environment. The 
three fundamental activities enumerated in this definition, 
namely nutrition, reproduction and protection, seem to 
have their inception in what we know, from exclusively 
subjective experience, as feelings of hunger, affection and 
fear respectively.” 

It was not very difficult to apply these malleable criteria 
to the ant colony and other insect societies. Wheeler saw 
several important qualities of the ant colony that qualified 
it aS an organism: 


1. It behaves as a unit. 

2. It shows some idiosyncrasies in behavior, size, and 
structure that are peculiar to the species and other 
idiosyncrasies that distinguish it from other colonies 
belonging to the same species. 

3. It undergoes a cycle of growth and reproduction that 
is clearly adaptive. 

4. It is differentiated into “germ plasm” (queens and 
males) and “soma” (workers). 


In 1928 Wheeler began calling the social insect colony 
a superorganism. His ideas on the subject had changed 
little by that time, although he had begun to conceive in 
a vague fashion of the phenomenon that was later to be 
called homeostasis: “We have seen that the insect colony 
or society may be regarded as a super-organism and hence 
as a living whole bent on preserving its moving equilib- 
rium and integrity.” 

Wheeler’s view of the superorganism was influenced by 
earlier, philosophical writings, particularly those of 
Herbert Spencer, Ernst Haeckel, and G. T. Fechner on 
emergent evolution and the hierarchical structure of the 
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universe. He was very much a conceptualist in the old 
scholastic sense, so much so he would have felt at ease 
with Abelard. By this I mean that he seemed to think of 
the superorganism as a real, fixed category to which given 
sets of organisms could be fitted or not. 

Other authors dealt with the idea in a more lyrical 
fashion. Maurice Maeterlinck spoke of the “spirit of the 
hive” in his The Life of the Bee (1901): “Where is this 
‘spirit of the hive’ . . . where does it reside? It disposes 
pitilessly of the wealth and the happiness, the liberty and 
life, of all this winged people; and yet with discretion, as 
though governed itself by some great duty.” Later, in The 
Life of the White Ant (1927) and The Life of the Ant (1930), 
Maeterlinck brought this pretty nonsense in line with 
Wheeler’s concept, to which he was openly indebted, and 
gave it a more scientific veneer. In the early 1920’s Eugène 
N. Marais, a South African, developed the concept of the 
superorganism from his own observations of termites and 
expressed the idea in an article in an Afrikaans-language 
journal Die Huisgenoot (Home Companion). This article 
proved so popular that Marais wrote others, and for a time 
his work was widely cited by journalists. A book written 
in Afrikaans, Die Siel van die Mier (The Soul of the White 
Ant), followed in 1933 and was subsequently translated 
into English and German. During the later years of his 
life, Marais claimed that his idea had been stolen by 
Maeterlinck, and his case has more recently been melo- 
dramatically championed by Robert Ardrey in the best- 
selling book The Territorial Imperative. But it is all just 
a tempest in a teapot. Wheeler was clearly the architect 
of the idea, for what it is worth, and neither Marais nor 
Maeterlinck had any claim for priority or visible effect 
on later students of social insects. 

Alfred E. Emerson, who followed closely after Wheeler 
with a long series of strongly philosophical papers on 
social insects (1938-1962), was the next serious scholar of 
the subject. He viewed the superorganism somewhat 
differently from Wheeler. His attitude was, and still is, 
nominalist in the modern scientific sense, rather than 
conceptualist, and he regarded the superorganism concept 
as a primarily heuristic device. The supraorganism, as 
Emerson preferred to call it from 1950 on, is “strictly 
analogical,” a framework on which to hang factual 
knowledge of social insects and a provider of clues about 
undetected phenomena. The clues are there, Emerson 
(1959) asserted, because the colony is the unit of selection 
and must develop adaptations that closely parallel those 
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seen in the physiology of individual organisms. In partic- 
ular, insect societies can be expected to have evolved so 
as to improve homeostasis within the individual colony: 
“Analogous similarities between levels, such as the evolu- 
tion of sterile somatic cells in the organism and sterile 
castes in the social insect colony, result from natural se- 
lection of whole units favoring division of labour, integra- 
tion and improved homeostasis. Communication through 
behavioural specializations and trophallactic exchange is 
characteristic of insect societies. However, improvement 
of division of labour with consequent improved efficiency, 
and improvement of integration and co-operation with 
consequent complexity of organization, are means to an 
improved self-regulation of optimal nutritional, defensive 
and micrometerological conditions (homeostasis).” 

But, as Emerson himself realized (for example, in 1941), 
the analogies can only be stretched a little before they lose 
their heuristic value and become word games. It was not 
long before even Emerson’s liberalized superorganism 
concept came under heavy critical fire (Novikoff, 1945a,b; 
Schneirla, 1946b). In retrospect, it is clear that these critics 
need never have spoken. As I have already stated, the 
current generation of students of social insects, which was 
beginning to take its training about this time, saw its 
future in stepwise experimental work on narrowly con- 
ceived problems, and it has chosen to ignore the super- 
organism concept—at least as an explicitly formulated 
idea. M. V. Brian, in a recent book on the population 
biology of social insects (1965b), does not even mention 
the superorganism concept; nor does he cite the articles 
just mentioned by Emerson, Wheeler, and others, except 
for one by Emerson which is mentioned in one sentence 
as an earlier “review.” J. H. Sudd’s book on ant behavior 
(1967) does bring the subject up, but only as a rather 
disapproving afterthought on the last two pages. Martin 
Lüscher (1962b) has spoken approvingly of the analogies 
of organism and superorganism and the similar methods 
of analyzing the two levels of organization, but chiefly as 
a philosophical aid in reflecting on his own researches on 
caste determination and microclimatic regulation in ter- 
mites. Seldom has so ambitious a scientific concept been 
so quickly and almost totally discarded. 

The superorganism concept faded not because it was 
wrong but because it no longer seemed relevant. It is not 
necessary to invoke the concept in order to commence 
work on animal societies. The concept offers no tech- 
niques, measurements, or even definitions by which the 
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intricate phenomena in genetics, behavior, and physiology 
can be unraveled. It is even difficult to cite examples where 
the conscious use of the idea led to a new discovery in 
animal sociology. How, then, did it have the major impact 
on current research that I have claimed? I said that the 
idea was inspirational and provided an image that helped 
channel research in a productive manner. This is true; it 
is also true that the idea as originally formulated by 
Wheeler had just that right amount of fact and fancy to 
generate a mystique. Consider the style in which Wheeler 
wrote in 1928: “Another more general problem is sug- 
gested by the insect society, or colony as a whole, which 
as I have shown in another place (1911) is so strikingly 
analogous to the Metozoan body regarded as a colony of 
celis, or indeed to any living organism as a whole, that 
the same very general laws must be involved. But the 
biologist, with his present methods is powerless to offer 
any solution of the living organism as a whole . .. We 
can only regard the organismal character of the colony 
as a whole as an expression of the fact that it is not 
equivalent to the sum of its individuals but represents a 
different and at present inexplicable ‘emergent level’ in 
the sense of Alexander (1920), Sellars (1922), C. Lloyd 
Morgan (1923), Parker (1924), Wheeler (1926), Smuts 
(1926) and others.” 

Here, then, is the mirage that drew us on. The words 
“powerless” and “inexplicable” were a challenge leveled 
at the next generation. Once the challenge had been taken 
and progress achieved by technical advancements never 
conceived of by Wheeler, it was natural for the super- 
organism concept to become déclassé. But it would be 
wrong to overlook the significant, albeit semiconscious, 
role this idea has played in the history of the subject. 

Finally, it might be asked what vision, if any, has 
replaced the superorganism concept. Surely there is no 
new holistic conception, as I have tried to make clear in 
this book. Certain analogies with other whole systems will 
prove useful insofar as they call attention to poorly un- 
derstood organizational processes and the techniques by 
which they can be analyzed. For example, Meyer (1966) 
has drawn attention to similarities between the coactions 
of neurons in the brain and of workers in an insect colony. 
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He has suggested, vaguely but probably correctly, that 
background noise in both instances is reduced and con- 
certed action achieved in ways that can be elucidated by 
the general language of cybernetics. In addition to the 
prospect of a common language and a set of mathematical 
techniques, there exists among experimentalists a shared 
faith that characterizes the reductionist spirit in biology 
generally, that in time all the piecemeal analyses will 
permit the reconstruction of the full system in vitro. In 
this case an in vitro reconstruction would mean the full 
explanation of social behavior by means of integrative 
mechanisms experimentally demonstrated and the proof 
of that explanation by the artificial induction of the com- 
plete repertory of social responses on the part of isolated 
members of insect colonies. The proof can be expected 
to include the following achievements: 

The rearing of isolated larvae or nymphs and the 
determination of their caste at the will of the investigator 
by appropriate manipulation of food, pheromones, hor- 
mones, and other caste-biasing factors. 

The activation of social behavioral responses, 
including the more intricate and delicate aspects of brood 
care, by exposure of isolated colony members to synthetic 
pheromones, sounds, and other stimuli emanating from 
lifeless dummies or else presented wholly in vacuo. 

The cybernetic simulation of nest building, incor- 
porating into the model only those behavioral elements 
and sequences of elements actually observed in individual 
workers, leading in turn to the successful prediction of the 
responses of isolated workers presented with synthetic 
nests in various stages of construction. 

At the present time we cannot come close to any one 
of these three accomplishments. Nevertheless, I believe 
they represent, in what I admit is a loosely defined way, 
the goals toward which much of contemporary research 
on social insects must ultimately be directed. Add to this 
the continuing quest for precise evolutionary, that is, 
genetic, explanations of the origin of sociality and varia- 
tions among the species in details of social structure, and 
one has the exciting modern substitute for the super- 
organism concept. 
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The Units of Natural Selection 


While composing the Origin of Species, Charles Darwin 
encountered in the social insects the “one special difficulty, 
which at first appeared to me insuperable, and actually 
fatal to my whole theory.” How, he asked, could the 
worker caste of insect societies have evolved if they are 
sterile and leave no offspring? This paradox proved truly 
fatal to Lamarck’s theory of evolution by the inheritance 
of acquired characters, for Darwin was quick to point out 
that the Lamarckian hypothesis requires characters to be 
developed by use or disuse of the organs of individual 
organisms and then passed directly to the next generation, 
an impossibility when the organisms are sterile. To save 
his own theory, Darwin introduced the idea of natural 
selection operating at the level of the family rather than 
the single organism. In retrospect, his logic seems impec- 
cable. If some of the individuals of the family are sterile 
and yet important to the welfare of fertile relatives, as in 
the case of insect colonies, selection at the family level 
is inevitable. With the entire family serving as the unit 
of selection, it is the capacity to generate sterile but al- 
truistic relatives that becomes subject to genetic evolution. 
To quote Darwin, “Thus, a well-flavoured vegetable is 
cooked, and the individual is destroyed; but the horti- 
culturist sows seeds of the same stock, and confidently 
expects to get nearly the same variety; breeders of cattle 
wish the flesh and fat to be well marbled together; the 
animal has been slaughtered, but the breeder goes with 
confidence to the same family.” (The Origin of Species, 
1859: p. 237.) Employing his familiar style of argumenta- 
tion, Darwin noted that intermediate stages found in some 


living species connect at least some of the extreme sterile 
castes, making it possible to trace the route along which 
they evolved. As he wrote, “With these facts before me, 
I believe that natural selection, by acting on the fertile 
parents, could form a species which regularly produce 
neuters, either all of a large size with one form of jaw, 
or all of small size with jaws having a widely different 
structure; or lastly, and this is the climax of our difficulty, 
one set of workers of one size and structure, and simulta- 
neously another set of workers of a different size and 
structure ...” (The Origin of Species, 1859: p. 241.) 

Darwin was speaking here about the soldiers and minor 
workers of ants. A modern physiological interpretation of 
the same phenomenon has already been presented, in 
Chapter 8. 

The point of this argument was lost on a surprising 
number of subsequent students of social insects. Wasmann 
(1891) and Raignier (1952), for example, found it impos- 
sible to accept natural selection as the explanation of the 
origin of the slave-making habits in certain ant species 
because the queen—the sole fundatrix of the colony—does 
not take part in slave raids. An equally misdirected re- 
buttal came from Eidmann (1929), who concluded that 
the only way the brood-care instincts exhibited by worker 
ants can be transmitted is if the workers themselves lay 
the eggs that produce the males. Weyer (1929) and 
K. Hölldobler (1936) not only questioned Eidmann’s logic 
but also showed that in Formica rufa at least some of the 
males came from queen-laid eggs. We now know of one 
ant genus (Solenopsis) in which all of the males must come 
from the queen, because the worker ovaries are totally 
degenerate. But of course this is no longer a crucial point. 
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Chapter 17 


Modern theory utilizes an advanced form of Darwin’s 
concept of colony-level selection in explanations of the 
evolution of the worker castes. 

Sturtevant (1938) advanced the theory by postulating 
a hierarchy of three units on which selection can operate 
simultaneously: namely, the individual, the colony of 
individuals, and the population of colonies of individuals. 
If selection operates at the level of the colony, individual 
altruism can arise. Genetically based phenotypes that 
sacrifice themselves—by willing exposure to danger or by 
sterility—can still be favored in natural selection, provid- 
ing the sacrifice confers sufficiently great fitness on rela- 
tives who carry the same genes by virtue of common 
descent. For the social insects this means that altruistic 
behavior increases the fitness of the colony as a whole. 
Put another way, altruism on the part of organisms sub- 
sumes selection at the colony (or family) level because 
there is no other known procedure consistent with con- 
ventional selection theory by which altruistic genes can 
be fixed in populations. The only way such genes might 
be fixed in the absence of colony-level selection is by 
genetic drift, which is a most unlikely mechanism in view 
of the large size of most populations of social insects. 


Altruism of Individuals 


Altruism is self-destructive behavior performed for the 
benefit of others. The use of the word altruism in biology 
has been faulted by Williams and Williams (1957), who 
suggest that the alternative expression “social donorism” 
is preferable because it has less gratuitous emotional 
flavor. Even so, altruism has been used as a term in 
connection with evolutionary argumentation by Haldane 
(1932) and rigorous genetic theory by Hamilton (1964), 
and it has the great advantage of being instantly familiar. 
The self-destruction can range in intensity all the way 
from total bodily sacrifice to a slight diminishment of 
reproductive powers. Altruistic behavior is of course com- 
monplace in the responses of parents toward their young. 
It is far less frequent, and for our purposes much more 
interesting, when displayed by young toward their parents 
or by individuals toward siblings or other, more distantly 
related members of the same species. Altruism is a subject 
of importance in evolution theory because it implies the 
existence of group selection, and its extreme development 
in the social insects is therefore of more than ordinary 
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interest. The great scope and variety of the phenomenon 
in the social insects is best indicated by citing a few con- 
crete examples: 

The soldier caste of most species of termites and 
ants is virtually limited in function to colony defense 
(Chapters 8 and 10). Soldiers are often slow to respond 
to stimuli that arouse the rest of the colony, but, when 
they do, they normally place themselves in the position 
of maximum danger. When nest walls of higher termites 
such as Nasutitermes are broken open, for example, the 
white, defenseless nymphs and workers rush inward to- 
ward the concealed depths of the nest, while the soldiers 
press outward and mill aggressively on the outside of the 
nest. Nutting (personal communication) witnessed soldiers 
of Amitermes emersoni in Arizona emerge from the nest 
well in advance of the nuptial flights, wander widely 
around the nest vicinity, and effectively tie up in combat 
all foraging ants that could have endangered the emerging 
winged reproductives. 

I have observed that injured workers of the fire 
ant Solenopsis saevissima leave the nest more readily and 
are more aggressive on the average than their uninjured 
sisters. Dying workers of the harvesting ant Pogono- 
myrmex badius tend to leave the nest altogether. Both 
effects may be no more than meaningless epiphenomena, 
but it is also likely that the responses are altruistic. To 
be specific, injured workers are useless for most functions 
other than defense, while dying workers pose a sanitary 
problem. 

—— Alarm communication, which is employed in one 

form or other throughout the higher social groups, has 
the effect of drawing workers toward sources of danger 
while protecting the queens, the brood, and the unmated 
sexual forms. 
Honeybee workers possess barbed stings that tend 
to remain embedded when the insects pull away from their 
victims, causing part of their viscera to be torn out and 
the bees to be fatally injured (Sakagami and Akahira, 
1960). A similar defensive maneuver occurs in many 
polybiine wasps, including Synoeca surinama and at least 
some species of Polybia and Stelopolybia (Rau, 1933; 
W. D. Hamilton, personal communication) and the ant 
Pogonomyrmex badius. The fearsome reputation of social 
bees and wasps in comparison with other insects is due 
to their general readiness to throw their lives away upon 
slight provocation. 
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—— When fed exclusively on sugar water, honeybee 

workers can still raise larvae—but only by metabolizing 
and donating their own tissue proteins (Haydak, 1935). 
That this donation to their sisters actually shortens their 
own lives is indicated by the finding of de Groot (1953) 
that longevity in workers is a function of protein intake. 
Female workers of most social insects curtail their 
own egg laying in the presence of a queen, either through 
submissive behavior or through biochemical inhibition 
(Chapter 15). The workers of many ant and stingless bee 
species lay special trophic eggs that are fed principally to 
the larvae and queen. 
The “communal stomach,” or distensible crop, 
together with a specially modified proventriculus, forms 
a complex storage and pumping system that functions in 
the exchange of liquid food among members of the same 
colony in the higher ants (Eisner, 1957). In both honeybees 
and ants, newly fed workers often press offerings of in- 
gluvial food on nestmates without being begged, and they 
may go so far as to expend their supply to a level below 
the colony average (Gösswald and Kloft, 1960; Lindauer, 
1961; Wallis, 1961; Lange, 1967). 

These diverse physiological and behavioral responses 
are difficult to interpret in any way except as altruistic 
adaptations that have evolved through the agency of 
natural selection operating at the colony level. The list 
by no means exhausts the phenomena that could be 
placed in the same category. 


Altruism of Colonies 


If selection at the level of the colony can indeed gener- 
ate the evolution of altruistic behavior on the part of 
individual members of the colony, it is also conceivable 
that selection at the level of the whole population of 
colonies can generate altruistic behavior on the part of 
entire colonies, or at least of the queens representing 
colonies. Does such colony altruism exist? Sturtevant 
(1938) thought that it might in the case of the mound- 
building ants Formica exsectoides and F. rufa. After the 
nuptial flights the queens are usually adopted by colonies 
of the same species and not necessarily the same colonies 
that produced them. It seemed reasonable to Sturtevant 
that “the colony long outlives the queen that originally 
established it, its fertility being dependent upon a whole 
series of queens that have no necessary genetic rela- 
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tionship to each other or to the founder.” The implication 
is that populations of colonies dominated by those less 
disposed to adopt unrelated queens have less chance for 
survival, and are subject to replacement by genotypes 
from nearby populations whose colonies are more al- 
truistically inclined. 

Williams and Williams (1957) opposed the idea of 
selection at the level of entire populations. They attempted 
to refute Sturtevant’s hypothesis with the following argu- 
ment: “The observation of queens of different ‘varieties’ 
present in one nest is apparently based on the facultative 
parasitism found in F. rufa and its relatives, and has no 
direct bearing on selection within a breeding population. 
The crucial point is the lack of genetic relationship be- 
tween conspecific queens. If this were a regular occur- 
rence, reproductive competition between the queens 
would necessarily promote the loss of the sterile castes and 
would have to be opposed by selection at a higher level. 
But if the multiple queens were normally sisters, natural 
selection between these sister-groups might normally favor 
the production of sterile castes (sibling donorism) within 
such groups. The essential statistical data on the frequency 
of unrelated queens in one colony have apparently not 
been gathered.” 

Thus, Williams and Williams call attention to the dis- 
concerting fact that selection can also be between sister- 
groups, a unit somewhat above the level of an individual 
colony but still well below an entire population. Moreover, 
they regard adoption behavior as part of the particular 
scheme of colony multiplication evolved by these species 
of Formica. Many of the new colonies are founded by 
groups of workers and one or more mated queens which 
walk away from the home nest to new nest sites. Multiple 
queens can be thought of as an enabling device for this 
mode of colony multiplication, and the average number 
of queens in a single colony, as the balance struck between 
the accumulation of endogenous queens and their alloca- 
tion to daughter colonies. 

In fact, the cohesive structure of populations of nests 
in the Formica exsecta and F. rufa groups renders the line 
between colony and population indistinct and the exist- 
ence of “colony altruism” difficult to evaluate. The diffi- 
culty is clearly exposed in the case of F. opaciventris, a 
member of the exsecta group. Among the 400 mounds of 
the Moose Island, Wyoming, population of this species, 
Scherba (1961) determined that each summer only 20 to 
25 percent release alates of either sex, while only 3 to 5 
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percent release queens. Scherba considered this low inci- 
dence to be evidence of some integrating mechanism 
within the entire population of mounds leading to a “re- 
productive division of labor.” Later Scherba (1964a) used 
marking techniques to confirm a phenomenon that has 
long been suspected for species of the Formica exsecta 
group: the extensive exchange of workers among mounds 
by daily visiting. Thus the entire population of mounds 
can be regarded in at least one sense as harboring a single 
large colony. Scherba nevertheless concluded that each 
mound contains a discrete colony since the mounds are 
regularly spaced and not connected by visually apparent 
runways. Yet his own data indicate an average worker 
exchange among mounds of 1.99 + 0.70 percent over a 
period of several days, enough it would seem to allow for 
an extensive amount of physiological integration. Perhaps 
the condition is intermediate, and the mounds harbor 
“semi-colonies.” It is probably true, as Scherba implies, 
that the reproductive structure he described evolved by 
selection at the population level. Yet we cannot conclude 
from this inference that colony altruism is involved be- 
cause on Moose Island the colony and the population are 
very nearly the same. 

I have taken a different approach to the question of 
colony altruism (Wilson, 1963b). Assuming that colony 
altruism should be most favored by a high population 
extinction rate, it should follow that the population ex- 
tinction rate is highest in rare or locally distributed species. 
In the termites, in which both males and females are 
derived from diploid zygotes, the effective breeding size 
of a population (N in the parlance of population genetics; 
See hi, 1955)55 


4N, ( MQ ) 
N, \1+M 
and in a population of social Hymenoptera, in which the 


males are derived from unfertilized eggs, the breeding size 
is 


=) MO 
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where N, is the total number of adult individuals, of all 
castes, in the population of colonies; 
N, is the average number of adult individuals per 
colony; 
Q is the average number of queens contributing 
offspring to individual colonies; 
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M is the average number of males that fertilized 
each queen (these individuals no longer need be 
living). 


Ñ will be exactly equal to the term given if breeding is 
panmictic and less than the term if it is not. (I am indebted 
to Ross Crozier and Warwick Kerr for pointing out the 
difference stemming from the two kinds of sex determi- 
nation.) 

Examination of these two very similar formulas shows 
that the most efficient means of enlarging effective popu- 
lation size is by increasing the number of queens. Merely 
adding a single additional queen to a monogynous colony 
system, for example, has the effect of doubling the effec- 
tive population size in both cases. Recent theoretical 
computations by MacArthur and Wilson (1967) indicate 
that a doubling of the population size will enormously 
increase the mean survival time of the populations under 
a wide range of conditions. Consequently polygyny alone 
might “rescue” rare populations from quick extinction. 
Put another way, polygyny could be established in systems 
of populations small enough to be subject to frequent 
extinction. Moreover, polygyny in this case implies a 
toleration among nest queens that is altruistic in nature. 

By considering the records of certain groups of rare or 
very local ant species, namely social parasites and forms 
mostly limited to bogs and caves, it could be demonstrated 
that a significantly higher proportion were polygynous in 
comparison with related species. Monogyny is the rule in 
other ant species, and we must assume that it is generally 
adaptive. The inference I draw from this relation is that 
selection is strong enough at the population level in these 
rare species, due to the danger of extinction through small 
population size, to force polygyny on the colonies. But the 
inference is weak since polygyny also occurs in some ant 
species that are abundant and widespread, and causal 
factors other than population-level selection must there- 
fore exist. An alternative explanation is that because of 
the small number of individuals the average genetic rela- 
tionship of associated queens would be closer than in 
larger, more typical populations; hence, altruistic cooper- 
ation among queens would be favored due to sister-group 
selection, a relation that has already been suggested for 
Formica rufa by Williams and Williams. I see no way to 
decide between these two competing hypotheses on the 
basis of existing data. 

Decrease of colony size, which the formula discloses to 
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be a less efficient method of increasing effective popula- 
tion size (and which is even more obviously altruistic in 
nature), did not occur. Finally, the data on rare ant species 
show no evidence of an increase in exogamy, the tendency 
for the sexual forms to mate with members of other colo- 
nies. On the contrary, the rare species have reduced 
exogamy. Mating among members of the same colony, 
which has the effect of turning the colony into something 
resembling a self-fertilizing hermaphrodite, has long been 
recognized by myrmecologists as a trait of the rare, para- 
sitic species. The males are commonly apterous or sub- 
apterous, mating takes place in or near the nest, and the 
fecundated, winged queens then either disperse in search 
of new host colonies or else return to the old. Whether 
intracolonial mating characterizes other categories of rare 
species is an open question. Since the trait must cause a 
decrease in the effective breeding size of the population, 
just the reverse of what purely logical considerations 
concerning population size alone dictate, it is necessary 
to consider other possible advantages of such a design 
feature. At least one can be deduced: intracolonial mating 
certainly eliminates the loss of virgin reproductives that 
normally occurs during dispersal and insures that the 
queens will be fecundated, however scarce the species. 
This advantage can easily outweigh disadvantages from 
inbreeding. Passing from random mating to perfect in- 
breeding only reduces the effective breeding size of the 
population by half, a deficit that can be balanced by 
merely doubling the average number of nest queens. The 
exact extent of true brother-sister mating is unknown. 
Because of the additional trait of polygyny in these same 
species, the offspring of several matings probably breed 
with each other as a matter of course. In fact, in the only 
test of this kind of which I am aware, Wesson (1939) did 
find that the queens and males of the dulotic ant Har- 
pagoxenus americanus prefer to mate with unrelated indi- 
viduals. It is even conceivable that parasitic species are 
less “adelphogamous” than previously assumed since it 
has not been established with certainty that true brothers 
and sisters within polygynous colonies really mate with 
each other at all. In polygynous colonies the opposite may 
be true. 

To summarize this rather complicated subject, altruism 
by colonies or by queens representing colonies is an im- 
portant theoretical possibility with implications ranging 
beyond the behavior of individual social insects to the 
organization of whole populations of colonies. The evi- 
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dence available to test the idea is still indirect in nature, 
rather intricate, and compromised by the obvious presence 
of alternative explanations that cannot yet be ruled out. 
In particular, we still do not know enough about the 
demarcation of colonies in the more promising species 
(such as the members of the Formica exsecta and F. rufa 
groups) even to distinguish “colonies” from “populations.” 
We also understand very little of the adaptive significance 
of polygyny, and, more importantly, the degree of kinship 
of queens that live together in polygynous colonies. A 
definitive judgment cannot be made until more data are 
available on these subjects. Meanwhile, some further 
insight into altruism and the origin of societies can be 
gained by an examination of certain other aspects of the 
genetics of social insects, especially the haplodiploid 
method of sex determination in the hymenopterans. 


Sex Determination 


In almost all of the species of Hymenoptera thus far 
studied, fertilized eggs produce females, and unfertilized 
eggs produce males. This mode of sex determination, 
known as Dzierzon’s rule (it was first demonstrated in the 
honeybee in 1845 by J. Dzierzon) provides a key piece 
to the understanding of the evolution of social behavior 
in the Hymenoptera. It has been modified by modern 
genetics to the concept of haplodiploidy, which is defined 
as the mode of sex determination in which males are 
derived from haploid eggs and females from diploid eggs. 

The genetics of haplodiploid sex determination have 
been most recently reviewed by Kerr (1962b, 1967). The 
modern period of its study began in 1939-1943 when 
Whiting developed the multiple allele hypothesis to ex- 
plain sex determination in the parasitoid wasp Bracon 
hebetor (= Habrobracon juglandis). His findings indicate 
that Bracon females are heterozygous for at least one pair 
of sex alleles located on an undetermined number of loci, 
such as X,X,, X4X3, X;X4, . . . , while haploid males are 
hemizygous by virtue of their parthenogenetic origin, 
yielding X,, X, X3, X4, .. . Homozygous diploids, for 
example X,X,, XX, X3X3, ... are weak males of low 
viability. Mackensen (1943, 1951) extended the Whiting 
model to the honeybee, Apis mellifera, and noted that what 
are believed to be the homozygous-diploid male larvae 
die within four days after hatching. Rothenbuhler (1957, 
1958) found several new lines of evidence to support the 
Mackensen hypothesis, while Laidlaw, Gomes, and Kerr 
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(1956) and Kerr (1967) used indirect means to estimate 
the presence of approximately 12 sex alleles. 

Further experiments showed that the simple form of the 
Whiting model cannot be applied to certain other hy- 
menopterans such as Melipona, Melittobia, and Telenomus. 
In order to encompass these cases, Cunha and Kerr (1957) 
proposed a more general model that assumes the existence 
of a series of male tendency genes (m) and a series of 
female tendency genes (f), distributed through several 
chromosomes. The m genes are not additive in effect, and 
whether they occur in a single dose in hemizygotes or in 
a double dose in diploids, the total effect can be repre- 
sented approximately as a constant M in the degree to 
which they bias the individual toward maleness. The f 
genes, on the other hand, are postulated to be cumulative 
in effect, producing a femaleness effect (F) in a hemi- 
zygote and (2F) in a diploid. Sex would be determined 
by the inequalities 2F > M = females, M > F = male. 
The conditions of the Whiting model are explained as the 
outcome of pairs of f genes that have lost their cumulative 
effect in homozygous condition, but still express it in 
heterozygous condition as a heterotic effect. 

The Whiting state of Apis mellifera sex determination 
is regarded by Kerr (1967) as being a derived condition. 
The condition is not shared by other members of the 
Apidae thus far studied, namely species of Bombus, 
Melipona, Meliponula, and Trigona. A Whiting state has 
nonetheless been reported to control caste determination 
in Melipona (Kerr and Nielsen, 1966). Two genes are 
involved; the double heterozygote X,°X,", X,°X," becomes 
a queen provided the larva receives enough food, while 
the homozygotes (X,°X,%, X,°X,°, and so on) always be- 
come workers (see Chapter 9). 

The parthenogenetic origin of hymenopteran males 
means that all alleles will be expressed in a homozygous 
(or, more precisely, hemizygous) condition. As a result, 
lethals and subvitals will be exposed each generation and 
rapidly reduced in the populations by selection, over- 
dominance will be rendered negligible, and total genetic 
variability in the population will tend to be reduced. 
However, these negative effects will be true only for genes 
that are expressed in the male. Those limited in expression 
to female characters will behave just as though they 
existed in wholly diploid populations, enjoying the same 
potential variability and obeying the same equilibrium 
laws (Kerr, 1967). Another curious effect is that characters 
that are both under polygenic control and not sex limited 
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should be more variable among males in sibling groups 
than among females. In fact, under the simplest possible 
conditions (panmixia and an absence of dominance and 
epistasis), the theory of polygenic inheritance predicts a 
genetic variance in males four times that of their bi- 
parental sisters. Since most characteristics are under 
polygenic control, it should, therefore, generally be the 
case that males are more variable than virgin queens 
collected from the same colony. Recently Kathleen R. 
Eickwort (1969b) found this proposition to be true for ten 
external morphological characters which she measured in 
the paper wasp Polistes exclamans. 

After Forel (1874) first demonstrated Dzierzon’s Rule 
to apply to the ant Formica sanguinea, Lubbock (1894), 
Goetsch (1937a), Goetsch and Käthner (1937), Bier 
(1952), Brian (1953a), and others confirmed it in a variety 
of higher ant genera and species, while Haskins and 
Haskins (1950a) established its presence in the very prim- 
itive genus Myrmecia. But many exceptions have also been 
noted. Impaternate workers were reported in Lasius niger 
by Reichenbach (1902), and the result confirmed in this 
species by Crawley (1912) and Bier (1952); in Atta ceph- 
alotes by Tanner (1892); in Aphaenogaster rudis (= A. 
fulva aquia) and A. lamellidens by Haskins and Enzmann 
(1945); in Oecophylla longinoda by Ledoux (1950); and 
in Formica polyctena by Otto (1960). 

While thelytokous (female-producing) parthenogenesis 
is now well documented as a minority phenomenon in 
ants, it is distinguished by some peculiar features whose 
causes are not well understood. Haskins and Enzmann 
made a careful attempt to induce virgin queens of 
Aphaenogaster to rear their own young, but they were only 
partly successful. Of the few individuals brought through 
to the pupal stage, most were males. In the case of 
Aphaenogaster rudis, only 18 of 100 virgin queens reared 
brood to the pupal stage, and they produced only 2 females 
among them; the virgin queens of A. lamellidens did only 
slightly better. Bier found that a similar difficulty in rear- 
ing workers from worker-laid eggs of Lasius niger is due 
to the fact that the great majority of larvae coming from 
such eggs are actually male determined and die at an early 
age. Eggs that are female determined are viable but rare. 

These results can be explained if we realize that thely- 
tokous parthenogenesis in the Hymenoptera can result 
only if meiosis is modified in some major way. In order 
to produce a diploid egg without fertilization, it is neces- 
sary either for the first, or reductional, meiotic division 
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to be eliminated (apomictic parthenogenesis), or else for 
the haploid products of the reductional division to fuse 
secondarily to produce a truly zygotic nucleus (automictic 
parthenogenesis). The third possible form of partheno- 
genesis is, of course, generative or haploid parthenogene- 
sis, which involves complete meiosis without subsequent 
nuclear fusion and is the normal mode of male determi- 
nation in the Hymenoptera (White, 1954; Suomalainen, 
1962). Thelytokous parthenogenesis, whether apomictic or 
automictic, is evidently a deviation from the norm in most 
groups of ants, and it consequently produces very variable 
and uncertain results. 

A variable, facultative thelytoky also occurs in honey- 
bees. In the South African strain Apis mellifera capensis, 
the workers of queenless hives normally lay eggs that 
develop into workers or queens. But in other varieties of 
A. mellifera, thelytoky is a rarity. Mackensen (1943) de- 
termined that only about 1 percent of unfertilized eggs 
develop into females in the three strains he studied. Ex- 
periments by Tucker (1958) revealed that the diploidy 
underlying the thelytoky is automictic in origin. Under 
certain conditions, and especially when oviposition by the 
queen is increasing, the second meiotic division of the two 
products of the first division produces two pronuclei and 
two polar bodies instead of the usual single pronucleus 
and three polar bodies. The two pronuclei then undergo 
syngamy and form a zygote. The mechanics of the first 
meiotic division evidently insure that heterozygous com- 
binations of the sex alleles are produced, so that a female 
is produced rather than an inviable diploid male. 

Two instances are known in which thelytoky has ceased 
to be an anomaly and has instead become a fixed feature 
of the life cycle. According to Ledoux (1949, 1950), 
apomictic parthenogenesis plays a central role in the in- 
tricate life cycle of the African weaver ant Oecophylla 
longinoda. Ledoux’s evidence and inferences are sum- 
marized in the following sequence: 

1. After the nuptial flight, the fecundated queen at- 
tempts to establish a colony. She lays eggs 1.0 to 1.2 mm 
long that develop into workers. In nature, very few of the 
attempts to start colonies in this way meet success. 

2. Many new colonies, on the other hand, are founded 
by groups of workers, which leave the territory of the 
mother colony and construct new nests of their own. Some 
of the workers then lay small eggs 0.6 mm in length, most 
of which develop into workers and a few into queens. 
Ledoux hypothesizes that the parthenogenesis in this case 
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is apomictic, resulting in diploid eggs, and that the eggs 
are small because they are ejected before normal meiosis 
can begin. The workers also lay a few larger eggs, about 
1.1mm in length, which develop into males. These are 
interpreted as being typical haploid products of two 
meiotic divisions, and the parthenogenesis in this case 
would therefore seem to be generative or haploid. 

3. Occasionally a winged queen accompanies workers 
on a nest-founding expedition. Her eggs are the same size 
as those of solitary nest-founding queens (1.0-1.2 mm 
long). If fertilized, they give rise to workers; if unfertilized, 
to males. Ledoux was unable to find evidence that fer- 
tilized eggs laid by queens and raised by workers, that 
is, eggs laid under optimal trophic conditions, ever pro- 
duce other queens. Nevertheless, he was not able to ex- 
clude this possibility with finality. 

In sum, the Oecophylla longinoda life cycle appears to 
contain a true alternation of generations. Queens produce 
workers, and only workers, from fertilized eggs, and males 
from unfertilized eggs by haploid parthenogenesis; the 
workers in turn produce other workers as well as queens 
from unfertilized eggs by apomictic parthenogenesis, and 
males from unfertilized eggs by haploid parthenogenesis. 
This is a nice scheme, but it is unfortunately marred by 
the results of an independent study of Oecophylla longi- 
noda by Way (1954a), who found no evidence of repro- 
duction by workers: “On several occasions when trees 
which contained nests but no queen were deliberately 
isolated from the rest of the colony, the ants eventually 
died out; also in nursery experiments with artificially 
established colonies, queenless colonies died out unless 
brood was added from time to time. In a further experi- 
ment, batches of the O. longinoda nests, several of which 
contained virgin males and females, were placed in each 
of forty-eight coconut palms. The ants became established 
in most of the trees but, after a year, all the colonies had 
died out except two which were flourishing. One contained 
an old queen which had probably been present in the 
introduced nests, the other contained brood of all ages, 
although the queen was not found. These results may 
suggest that, in the absence of a fertile queen, neither 
sexual forms nor workers can reproduce.” In view of the 
important implications of Ledoux’s cycle évolutif, further 
experimentation combined with karyological investigation 
is needed. 

It is nevertheless quite possible that Ledoux’s schema 
will prove correct, in spite of Way’s negative evidence, 
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since a very similar life cycle has also been proposed for 
the parasitic Harpagoxenus americanus by Wesson (1939) 
and for four species of Crematogaster (C. auberti, C. 
scutellaris, C. vandeli, C. skounensis) by Soulié (1960a). 
Soulié also found that Crematogaster queens can produce 
only workers, and then solely from fertilized eggs, while 
workers can create queens by apomictic parthenogenesis. 
Both queens and workers can produce males by haploid 
parthenogenesis. The cycle is perfectly alternating, that 
is, comprised of the sequence queens—workers->queens— 
workers— ... even though queens and workers repre- 
senting two or three generations usually coexist in a given 
colony at the same time. When food is scarce, worker-laid 
eggs tend to be laid prior to the first meiotic division 
(apomictic parthenogenesis) and thus to produce queens. 
Queens of these species of Crematogaster are consequently 
associated with hard times, the direct opposite of the 
situation found in most other social insects. 

It must be kept in mind that the conceptions of the 
alternation of generations in Oecophylla and Crematogas- 
ter are inferential, based largely on rearing experiments 
and still unsupported by cytological evidence. But, if 
correctly construed, they call attention to the possibility 
of similar phenomena in other groups of the large world 
ant fauna, of which the life cycles are still largely unex- 
plored. Thelytoky of worker-laid eggs may even be much 
more widespread than suspected earlier, for the simple 
reason that it cannot be detected until an explicit search 
is made for it in laboratory experiments. 

What would be the adaptive value in social insects of 
such an alternation between sexual and asexual genera- 
tions? It seems likely that worker thelytoky has arisen as 
an auxiliary means of colony reproduction, permitting 
colonies first to expand rapidly into new nest sites around 
the colony nest sites and then to produce winged queens 
in them under more stringent trophic conditions. This can 
be viewed as an opportunistic strategy of growth and 
reproduction. If I have interpreted it correctly, thelytoky 
might be found to occur most commonly in species that 
occupy habitats, or nest sites, that fluctuate a great deal 
in time and space and consequently undergo a high rate 
of turnover in resident colonies. 

The mechanism of sex determination in termites differs 
radically from that of the social Hymenoptera in that it 
is not based on haplodiploidy. Like most insect groups, 
including the orthopteroids with which the termites share 
a common ancestry, both sexes normally come from fer- 
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tilized, diploid eggs. Light (1944a) found that, when fe- 
males of Zootermopsis are segregated as virgin nymphs, 
they later lay eggs that always produce females. A par- 
thenogenetic strain cannot be maintained in the labora- 
tory; the female offspring of the parthenogenetic females 
die in the early instars. We can guess from this sparse 
evidence that sex determination in termites is of a con- 
ventional genic type, and that parthenogenesis does not 
play an important role in termite social evolution. 


The Implications of Haplodiploidy 


One of the most remarkable features of true sociality 
in insects is that it is very nearly confined to the Hymen- 
optera. It has originated at least twice in the wasps, more 
precisely at least once each in the stenogastrine and 
vespine-polybiine vespids (Evans, 1958) and probably a 
third time in the sphecid Microstigmus (Matthews, 1968); 
eight or more times in the bees (Michener and Lange, 
1958a; Michener, 1962, and personal communication); 
and at least once or perhaps twice in the ants. These 
estimates must be qualified in that Michener and his 
associates have found both semisocial and social species 
in at least six genera of the Halictidae. It follows that true 
sociality has originated at least six times in this family 
alone. In addition, both subsocial and social species are 
known in the xylocopine genera Allodape and Allodapula, 
while the true sociality that characterizes the Apinae 
appears to represent yet another independent develop- 
ment. In ants, the sharp division between the poneroid 
and myrmecioid lines, which extends at least all the way 
back to the Cretaceous Sphecomyrminae, raises the pos- 
sibility of a dual origin of sociality (Wilson, Carpenter, 
and Brown, 1967a,b). 

In summary, it is evident that eusociality has arisen at 
least eleven times in the Hymenoptera. Quite probably 
this lower estimate will increase as our knowledge of 
hymenopteran biology, especially in tropical bees, in- 
creases. Yet, throughout the entire remainder of the 
Arthropoda, true sociality is known to have originated in 
only one other living group, the termites. This dominance 
of the social condition by the Hymenoptera cannot be a 
concidence. Of the 685,900 living species of insects de- 
scribed to 1948, only 103,000, or 15 percent, belong to the 
Hymenoptera (Sabrosky, 1952). This has been the situa- 
tion throughout at least the Cenozoic (Theobald, 1937, in 
Kerr, 1967). Moreover, sociality is further limited within 
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the Hymenoptera to the aculeate wasps and to their im- 
mediate descendants, the ants, which, together, comprise 
no more than 25,000 known living species. 

The tendency of aculeate Hymenoptera to evolve eu- 
social species can perhaps be ascribed in part to their 
mandibulate mouthparts, which lend themselves so well 
to manipulation of objects, or to the penchant of aculeate 
females for building nests to which they return repeatedly, 
or to the frequent close relationship between mother and 
young. These and perhaps some other biological features 
are prerequisites for the evolution of full sociality. But 
they are shared in full by many other, species-rich groups 
of arthropods, including the spiders, earwigs, orthopterans, 
and beetles, none of which, with the exception of the 
termites, have achieved full sociality. 

Haplodiploidy is also a characteristic of the Hymenop- 
tera shared with few other insect groups. Two authors have 
independently suggested a connection between haplodip- 
loidy and the frequent occurrence of sociality. Richards 
(1965) suggested that the control which haplodiploidy 
grants the female over the sex of her own offspring has 
eased the way to colonial organization. This is undoubt- 
edly true. The postponement of male production until late 
in the season is a characteristic of advanced sociality, for 
example, in the annual Halictidae (Knerer and Plateaux- 
Quénu, 1967b). At the same time, it is not a characteristic 
of many other Halictidae that are primitively social but 
truly social nonetheless. In other words, sex control by the 
mother is a general feature of higher social evolution but 
not a prerequisite for the attainment of full sociality. 

Hamilton (1964) has created an audacious genetic the- 
ory of the origin of sociality which assigns the central role 
to haplodiploidy in a wholly different way. Working from 
traditional axioms of population genetics, he first deduced 
the following principle that applies to any genotype: in 
order for an altruistic trait to evolve, the sacrifice of fitness 
by an individual must be compensated for by an increase 
in fitness in some group of relatives by a factor greater 
than the reciprocal of the coefficient of relationship to that 
group. The coefficient of relationship is the equivalent of 
the average fraction of genes shared by common descent; 
thus, in sisters it is one-half; in half sisters, one-fourth; 
in first cousins, one-eighth; and so on. The following 
example should make the relation intuitively clearer: if 
an individual sacrifices its life or is sterilized by some 
inherited trait, in order for that trait to be fixed in evolu- 
tion it must cause the reproductive rate of sisters to be 
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more than doubled, or that of half-sisters to be more than 
quadrupled, and so on. The full effects of the individual 
on its own fitness and on the fitness of all of its relatives, 
weighted by the degree of relationship to the relatives, is 
referred to as the “inclusive fitness.” This measure can be 
treated as the equivalent of the classical measure of fitness, 
which takes no account of effects on relatives; Hamilton’s 
theorem on altruism consists merely of a more general 
restatement of the basic axiom that genotypes increase in 
frequency if their relative fitness is greater. 

Next Hamilton pointed out that due to the haplodiploid 
mode of sex determination in Hymenoptera, the coeffi- 
cient of relationship among sisters is three-fourths; 
whereas, between mother and daughter, it remains one- 
half. This is the case because sisters share all of the genes 
they receive from their father (since their father is ho- 
mozygous), and they share on the average of one-half of 
the genes they receive from their mother. Each sister 
receives one-half of all of its genes from the father and 
one-half from the mother, so that the average fraction of 
genes shared through common descent between two sisters 


is equal to 
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Therefore, in cases where the mother lives as long as the 
eclosion of her female offspring, those offspring may in- 
crease their inclusive fitness more by care of their younger 
sisters than by an equal amount of care given to their own 
offspring. In other words, hymenopteran species should 
tend to become social, all other things being equal. 

This idea is so simple and starkly mechanical that my 
own first reaction to it was to reject it out of hand. But 
the implications, once the proposition is made the basis 
of evolutionary models, are so extensive and intricate that 
I soon became absorbed in its possibilities. Making pre- 
dictions about social behavior on the basis of coefficients 
of relationship is at the very least a pleasant game and 
a valuable exercise in heuristics. Hamilton himself gained 
several new insights that deserve attention quite apart 
from the theory that generated them. He also presented 
a fair accounting of the evidence that is not consistent with 
his theory. Let us now examine the consequences of the 
Hamilton theory in some detail, evaluate its merits on the 
basis of existing knowledge, and try to identify the direc- 
tion that future studies must take in order to provide a 
surer judgment. Consider first the pedigree and table of 
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coefficients of relationship given in Figure 17-1. Most of 
the following predictions can be made from this table, 
together with an elementary knowledge of social insects. 


Prediction. True sociality should occur more frequently in 
groups with haplodiploidy than in those with- 
out it. 


Evidence. It has already been stressed that eusociality 
arose at least eleven times within the Hymenoptera, an 
order characterized by haplodiploidy, but only once (in 
the termites) in the large number of other insect groups 
that do not exhibit haplodiploidy. This fact is notably 
consistent with the Hamilton thesis. On the other hand, 
eusociality is limited to the aculeates. Why is it not also 
found in the phytophagan and terebrant Hymenoptera? 
The answer may be that these groups seldom if ever 
possess the second essential preadaptation, namely the 
continuing presence of the mother wasp in close associa- 
tion with her brood. 

Outside the Hymenoptera, haplodiploidy occurs in 
some mites, some thysanopterans, some aleurodids, the 
iceryine coccids, and the beetle genus Micromalthus 
(White, 1964). Entwistle (1964) has further reported the 
existence of arrhenotoky in the ambrosia beetle Xyleborus 
compactus, which strongly indicates the operation of a 
haplodiploid mechanism in this species also. All of these 
arthropods form close associations of adults and young, 
and Xyleborus belongs to a group of beetles that has 
evolved the kind of brood care that is widespread in the 
presocial Hymenoptera (see Chapter 7). Consequently, the 
absence of eusociality in such a sizable haplodiploid as- 
semblage must be regarded as negative evidence to be 
weighed against the Hamilton thesis. 


Prediction. The basic condition of the model is negated 
if queens are multiply inseminated by un- 
related males. 


Suppose a female is mated by n males and they are 
respectively responsible for proportions f,, fa, - - -Jas where 


n 
> f, = 1, of her female progeny. The average coefficient 
ei 


of relationship (7) between daughters is then 


5G a rt) 
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FIRST 
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FIGURE 17-1. A hymenopteran pedigree: (above) unfertilized 
eggs laid by the female yield males (M, and M;), while ferti- 
lized eggs yield females (F,, Fj, and F,); (below) coefficients of 
relationship for the pedigree. The coefficients are the equivalent 
of the average fraction of genes held in common between the 
two individuals by reason of common descent. Asterisks indi- 
cate the coefficients that would diminish in cases of polyandrous 
insemination, assuming the fathership of particular offspring to 
be unknown (modified from Hamilton, 1964). 


In particular, if all males contribute equally, we have 


ayes Al 
=4(4+4) 


which is the lowest 7 for any given value of n. If two males 
contribute equally we haver = 4, which is the same value 
as between mother and daughter. Furthermore, as the 
number of contributing males increases the value ofr can 
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never drop as low as the limiting value 


soi la Ba 
dim + (1 + 1) = 1 


To put the matter simply. if as few as three or four males 
inseminate single females about equally as a normal 
course of events, the coefficient of relationship between 
sisters will be driven below 1.. the value of the bond 
between mother and daughter. The intrinsic advantage to 
caring for sisters rather than offspring will have been lost. 


Evidence. Some species of social Hymenoptera employ 
single insemination, but most others that have been 
studied employ multiple insemination. Queens of the 
myrmicine ant Pheidole sitarches drop quickly to the 
ground after being mounted by a male, shed their wings 
and hide shortly after copulation. thus insuring that only 
one insemination takes place (Wilson, 1957). Queens of 
the stingless bee Melipona quadrifasciata return to the nest 
from their mating flight with the male genitalia still in- 
serted in their vaginal chamber. Kerr, Zucchi, Nakadaira, 
and Butolo (1962) found virgin males of this species to 
contain an average of 1.156.850 spermatozoans, while two 
recently mated queens contained 950,000 and 1,018,333 
spermatozoans respectively in their spermathecae. It thus 
seems probable that queens of this species are inseminated 
only once. 

Nevertheless, multiple inseminations have been re- 
ported more frequently than single inseminations in the 
social Hymenoptera. Kerr (1961) observed a queen of the 
myrmicine fungus-growing ant Mycocepurus goeldii copu- 
lating consecutively with four males. Virgin males of the 
related fungus-growing species Ata sexdens rubropilosa 
were found to contain 44 to 80 million spermatozoans, 
while newly mated queens held 206 to 319 million sper- 
matozoans in their spermathecae. Evidently the queens 
were each inseminated by at least three males. Kannowski 
(1963) observed queens of Formica subintegra mating two 
to four times. Multiple copulations have also been ob- 
served in the formicine species F. montana (Kannowski, 
1963), F. rufa (Marikovsky, 1961), F. opaciventris 
(Scherba, 1961), and Prenolepis imparis (Talbot, 1945b). 
Multiple inseminations in the honeybee Apis mellifera 
have been documented by Triasko (in Kerr er al., 1962), 
Taber (1954), Taber and Wendel (1958), and Kerr er al. 
(1962). Using genetic markers and sperm counts, these 
authors have independently estimated that most queens 
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are inseminated by seven to twelve males during their 
nuptial flights. On the other hand. Alber (1956) noted that, 
when flights are held in bad weather. the queen may be 
inseminated only once. 

This evidence of the widespread practice of multiple 
insemination is not favorable to Hamilton's thesis. There 
are two ways by which the difficulty could be explained 
away: if the males involved in multiple insemination were 
closely related to one another so that their sperm would 
be genetically identical or very similar: or, if multiple 
insemination were shown to be limited to species with a 
strong difference between the queen and worker castes so 
that it could be interpreted as an adaptation acquired 
secondarily after the worker caste had evolved so far as 
to be irreversible. The evidence on both aspects is too 
meager to draw any conclusion at this time. Kerr er al. 
(1962) marked drones of the stingless bee Trigona postica 
from four hives with different pigments and found that 
individual mating aggregations were comprised of mix- 
tures from all of the hives. This is evidence for genetic 
outbreeding. On the other hand, it is not known whether 
the T. postica queens mate singly or with multiple males. 


Prediction. Males should be more consistently selfish than 
females toward evervone else in the colony. 


From the matrix in Figure 17-1 it can be seen that the 
males are related to their mother by a degree of % but 
to every other contemporary female of the colony by a 
degree of 44, while females are related to their mothers 
by W, to their sisters by %, and to their brothers by W% 
(For purposes of illustration, the only case considered here 
is that in which females are inseminated by a single male.) 


Evidence. Of course, the selfishness of drone behavior is 
well known—in our language. the word “drone™ has come 
to designate any lazy, parasitic person. Not only do hy- 
menopteran males contribute virtually nothing to the 
labor of the colony (see Chapter 8), but they are also 
highly competitive in begging food from female members 
of the colony and become quite aggressive in contending 
with other males for access to females during the nuptial 
flights. 

The one exception to this rule of total egocentricity of 
which I am aware is the willingness of male ants to regur- 
gitate food to nestmates (Gösswald and Kloft, 1960; 
B. Hölldobler. 1966). Santschi's observation (1907) of er- 
gatoid Cardiocondyla males carrying pupae has not been 
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repeated, and Le Masne (1956a) failed to find evidence of 
the same behavior in ergatoid males of Hypoponera. 

I do not find it a serious drawback to this line of evi- 
dence, as Hamilton (1964) does, that males of solitary 
Hymenoptera are also selfish. With the exception of Pison 
and Trypoxylon, the males of which have been observed 
to remain with their mates at the entrance of the hollow- 
stemmed nests, no case is known of males cooperating in 
the building and defense of nests. But social behavior of 
this kind is not to be expected in males of solitary species 
any more than it is in males of social species. Solitary 
males are bound to the daughters of their mates by a 
relationship of 14 (that is, half of the genes come from 
them), and by an average of less than 1⁄ if their mate has 
been inseminated by other males as well. Because of the 
haplodiploid sex determination, they have no relationship 
at all with the male offspring in the nests. Their fitness 
would more likely be increased by investing their energy 
in inseminating as many females as possible. 


Prediction. Females should be more altruistic in their 
behavior toward their sisters and less so to- 
ward their brothers and nieces. 


Sisters share as many as %, of their genes, but a female 
shares only % of her genes with her nieces and Y, with 
her brothers. 


Evidence. We have already seen that altruism between 
sisters is the most fundamental quality of higher hymen- 
opteran societies. It is also true that sisters give short shrift 
to their brothers. In the European paper wasp Polistes 
gallicus, for example, males easily obtain regurgitated 
food from workers only when food is generally abundant. 
In hard times they are ignored and must live on regurgi- 
tated material solicited from larvae (Montagner, 1964). 
Young honeybee drones are at first entirely fed by 
workers. Later they obtain part of their nourishment on 
their own from honey cells, and, as they age still further, 
they begin to be attacked by the workers. This leads to 
the famous “battle of the drones,” which has been de- 
scribed so well by von Frisch (1954): “Now that males 
have become useless, the workers start plucking and biting 
those very drones whom up to now they have nursed and 
fed, pinching them with their firm jaws wherever they can 
get hold of them. Grasping their feelers or their legs, they 
try to pull them away from the combs, and to drag them 
towards the door of the hive. They could not make their 
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meaning clearer. Once they are turned out of the hive, 
the drones, unable to fend for themselves, are doomed 
to die of starvation. With great obstinacy they try to force 
their way back, only to be received again by the workers’ 
biting jaws, and even by their poisonous sting, to which 
they yield without offering any resistance. For drones do 
not possess a poisonous sting, nor for that matter the least 
fighting spirit. Thus they find their inglorious end at the 
portals of the bee dwelling, driven out and starved, or 
stung to death, on a fine summer’s day.” In the case of 
the stingless bees (Melipona and Trigona), the males 
accede more gracefully. After they reach the age of 15 
to 20 days, they begin to leave the nest and search for 
their own food in flowers, usually the same ones visited 
by their sisters (Warwick E. Kerr, personal communi- 
cation). 

It is an equally notable fact that females in general try 
to avoid having nieces. This statement is another way of 
saying that, as a rule, only one queen is tolerated in a 
colony (monogyny). As Charles Butler so pointedly de- 
scribed the honeybee society in the Feminine Monarchie, 
written shortly after the death of Elizabeth I: 


For the Bees aborre as well polyarchie, as anarchie, God having 
shewed in the unto mean express patterne of a perfect monarchie, 
the most natural and absolute forme of governmet. 


In nonparasitic social Hymenoptera, three common modes 
of founding new colonies exist: (a) the queen starts a 
colony by herself, with or without the help of workers, 
and the colony remains monogynous; (b) more than one 
queen founds the colony, but subsequently all but one are 
eliminated; or (c) two or more queens found a colony and 
subsequently persist together. The first two categories 
include the great majority of known cases, but the second 
category deserves emphasis with reference to Hamilton’s 
theory. Laboratory experiments have demonstrated that, 
in the ants Lasius flavus (Waloff, 1957) and Solenopsis 
saevissima (Wilson, 1966), queens that found their colonies 
in groups have a higher survival rate than queens found- 
ing colonies alone. They are also able to rear their brood 
more quickly. This is a sufficient explanation of why 
founding queens of these species are often encountered 
in groups in nature. Once the first brood is reared, how- 
ever, the behavior of the queens changes radically. In 
Waloff’s experiments the Lasius flavus queens were ami- 
cable and cooperative until the first pupae appeared, when 
they began to split into smaller groups. (Artificially 
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grouped L. niger queens behaved aggressively from the 
beginning, and they often fought to the death.) In a single 
experiment on Solenopsis saevissima, conducted by 
Michael Mullin (personal communication), the queens 
fought to the death following eclosion of the first workers. 
Large colonies of the carpenter ants Camponotus hercu- 
leanus and C. ligniperda often contain several queens, but 
these individuals are intolerant of each other and maintain 
territories within the far-flung galleries of the individual 
nest (B. Hölldobler, 1962). A nearly identical situation 
exists in the large colonies of the Brazilian bumblebee 
Bombus atratus. During the polygynic phase of the life 
cycle, the queens are intolerant of each other; each rules 
in her own well-delimited territory and will fight to the 
death if a rival invades the territory (Ronaldo Zucchi, 
personal communication). 

In other ant genera besides Camponotus, oligogyny is 
occasional in species usually thought of as monogynous. 
When Headley (1949) excavated 46 nests of Aphaenogaster 
rudis, he found no queens in 6 of the nests, a single queen 
in each of 38 nests, and two queens each in 2 nests; Talbot 
(1951) obtained similar proportions in the 71 additional 
nests of A. rudis she excavated. In 20 nests of Prenolepis 
imparis, Talbot (1943) found no queen in 3 of the nests, 
a single queen in each of 15 nests, and two queens in each 
of 2 nests. Occasional coexistence of two queens has been 
recorded in Atta texana and Solenopsis saevissima (J. C. 
Moser and M. S. Blum, personal communication). The 
factors permitting oligogyny, including the possible one 
of queen territoriality, have not been investigated in most 
species. Unlike Hölldobler’s evidence for Camponotus, the 
data for Aphaenogaster and Prenolepis do not show an 
association between oligogyny and larger colony size. 

Aggression, competition, and dominance among laying 
females of the same colony are widespread in the social 
Hymenoptera. They can be generally interpreted as mech- 
anisms favoring daughters over nieces and less closely 
related females. When the dominant female of a bumble- 
bee or wasp (Polistes) colony is removed, other workers, 
particularly those with the best-developed ovaries, 
threaten and fight until one attains a clear-cut dominant 
position. Aggression among queen honeybees involves 
complex behavior, including sound signals utilized only 
for this purpose. When the honeybee queen is removed, 
only a few of the workers develop the ability to lay eggs; 
these quarrel among themselves until one or a few become 
dominant. 
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No Amazonian Dames, nor Indians more, 

With loyal Awe their Idol Queen adore. 

Whilst she survives, in concord and content 

The Commons live, by no Divisions rent: 

But the great Monarch’s Death dissolves the Government. 


Joseph Warder (1726) 


In the halictid bee Dialictus zephvrus, which has a rela- 
tively low social organization, females commonly substi- 
tute their own eggs for those of their sisterly rivals in brood 
cells (Batra, 1964). Baroni Urbani (1968) has observed a 
Polistes-like dominance of one queen over another in a 
single colony of the ant Myrmicina graminicola. In sum, 
it is necessary to conclude that in the social Hymenoptera 
females generally tend to be selfless in the rearing of 
sisters; when confronted with the choice of rearing nieces 
or their own daughters, they tend to choose their daugh- 
ters. 

Deviations from this rule inevitably exist. I have already 
cited cases of oligogyny, possibly associated with a form 
of territoriality, that would render the situation. in effect. 
monogynous. While it might thus prove easy to bring 
some instances of oligogyny in line with the Hamilton 
thesis, this is quite difficult to do with the many other 
recorded examples of polygyny. The presence of queens 
living together in harmony has been reported in some 
of the primitively social bees and wasps, in the polybiine 
wasps, and in both primitive and advanced ant genera 
including Myrmecia, Amblyopone, Crematogaster, Myr- 
mica, Pheidole, Tetramorium, Monomorium, Tapinoma, 
Iridomyrmex, Formica, Camponotus, and many others. 
These present numerous exceptions to what must be re- 
garded as the relatively weak rule of monogyny and con- 
ditional oligogyny in the social Hymenoptera. The mere 
occurrence of supernumerary queens, however, leaves 
open the question as to how many are actually contrib- 
uting eggs to the colony. Multiple egg lavers have been 
recorded in the Polybiini (Richards and Richards, 1951), 
but in most cases the observations were not close enough 
to determine the extent of the phenomenon. In other 
words, it is still very possible for a colony to be morpho- 
logically polygynous but physiologically or behaviorally 
monogynous. An example is already available in Polistes, 
where associated females look alike but are rigidly segre- 
gated in rank and function. 

Hamilton (1964), in an attempt to account for the oc- 
currence of polygyny, hypothesized that the phenomenon 
ordinarily involves sisters, or at least close cousins. Such 
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a circumstance would be normal if the “population vis- 
cosity” were high, that is, if the insects did not wander 
far from their birthplace, or if some other circumstance 
increased the degree of inbreeding. He expresses the fol- 
lowing idea: “The geographic distribution of the associa- 
tion phenomenon in Polistes is striking (Yoshikawa, 1957). 
We may state it as a general, though by no means un- 
broken, rule that northern species approximate to the 
vespine [solitary] mode of colony foundation and tropical 
species to the polybiine [associational] ... The single 
species Polistes gallicus illustrates the tendency well. At 
the northern edge of its range in Europe its females usu- 
ally found nests alone. In Italy and Southern France the 
females found nests in companies; while in North Africa 
the species is said to found colonies by swarming with 
workers (Richards and Richards, 1951). We here suggest 
two hypotheses which could bring these facts into con- 
. formity with our general theory. The first posits a general 
higher viscosity of the tropical populations. This will 
cause, through inbreeding, all coefficients of relationship 
to have higher actual values than we could get taking into 
account only connections through the past one or two 
generations. And it will also increase the tendency for 
casual neighbors to be related, which is clearly of potential 
importance for the association phenomenon . . . The sec- 
ond hypothesis appeals to the lack of marked seasons in 
the tropics causing a lack of synchronism in the breeding 
activity of insects. This will tend to cause inbreeding 
because it scarifies the mating population.” 

Even if it is true that inbreeding is gratuitously en- 
hanced by a tendency for females to remain close to the 
parental nest, a phenomenon that has incidentally been 
documented in Polistes by Rau (1940) and Mary Jane 
West Eberhard (personal communication), the effect is 
nevertheless inadequate at its best to explain why repro- 
ductive females subordinate themselves to other females 
of the same generation. For even if the associated females 
were full sisters, the subordinate female would be taking 
care of nieces with a common reproductive bond of %, 
whereas she could be taking care of her own daughters 
and sharing a common bond of 14. The missing piece of 
the theory has been supplied by what might be termed 
the “spinster hypothesis,” invented by West (Mrs. 
Eberhard) (1967). This author points out that nest- 
founding females of Polistes vary greatly in ovarian de- 
velopment and that rank in the dominance hierarchy 
varies directly with this development. It is further true that 
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most new Polistes nests fail. Consequently, the probability 
of a female with low fertility establishing and bringing 
a nest through to maturity may simply be so low that it 
is more profitable, as measured by inclusive fitness, for 
these high-risk individuals to subordinate themselves to 
female relatives in foundress associations. 


Prediction. Workers should favor their own sons over their 
brothers. 


Females are related to their sons by a degree of 4 but 
to their brothers by a degree of only Y.. 


Evidence. This result of the theory is very odd but never- 
theless can be reasonably well documented. In 1870 von 
Siebold, after discovering that virgin females of Polistes 
gallicus lay eggs that turn into males, expressed the opin- 
ion that there is a division of labor, with fecundated 
females producing other females and virgins producing 
males. Marchal (1896) also reported the presence of laying 
workers in queenright wasp colonies. Yamanaka (1928), 
in testing von Siebold’s idea, observed that males of 
Polistes fadwigae are produced both by the queen and 
virgin workers. In Vespula (Paravespula) the queen tends 
to remain on the lowest comb of the nest, where most of 
the worker activity occurs, and, during queen production, 
most male pupae are found in the uppermost combs. 
Montagner (1963b) interpreted the pattern as the outcome 
of the decrease of effectiveness of the queen in inhibiting 
worker ovariole development, with the result that the 
workers tend to lay eggs on the combs farthest removed 
from the queen. The same phenomenon has been ob- 
served directly in the bumblebee Bombus atratus by 
Ronaldo Zucchi (personal observation). Worker oviposi- 
tion is widespread in the ants, from the primitive Myr- 
meciinae to the advanced Myrmicinae, Dolichoderinae, 
and Formicinae (Freeland, 1958; Passera, 1965a). By 
feeding queens of Myrmica P#? and thus labeling their 
eggs, Brian (1968) was able to show that the workers lay 
in the presence of the queens and that most males are 
derived from worker-laid eggs. And, according to Zucchi, 
this is also the case in Bombus atratus. Thus, although the 
origin of male-determined eggs is difficult to ascertain in 
normal colonies, the ease with which workers were impli- 
cated when such studies were conducted suggests that the 
phenomenon is widespread. 


Evaluation of the Hamilton theory. In balance, the Hamil- 
ton theory of insect sociality seems to me to be consistent 
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with enough evidence, and to account uniquely for enough 
phenomena, to justify its provisional acceptance. What 
this means more precisely is that the factor of haplodiploid 
bias should be taken into account in future evolutionary 
interpretations and as a guideline in planning some fur- 
ther empirical research. Enough negative evidence never- 
theless exists to show that either the bias can be canceled 
under certain circumstances or that it requires some addi- 
tional factor, such as high population viscosity or colony 
inbreeding, in order to operate. The question now before 
us is whether the factor is always canceled, in spite of its 
abstract appeal to the theorists, and whether perhaps 
other, hidden explanations exist for the phenomena that 
seem to be consistent with the theory. 

The best way to test any theory is to continue to bear 
down relentlessly on its most detailed implications. From 
the evidence just presented, it is clear that we require 
deeper investigations on the following subjects concerned 
with the social Hymenoptera: the extent of both morpho- 
logical and physiological, that is, true, polygyny among 
the various groups; the relation of physiological polygyny 
to population viscosity and to degree of relatedness among 
the cooperating queens; the number of males that insemi- 
nate single queens, especially in the primitively social bees 
and wasps where virtually no information is currently 
available; the correlation between the number of insemi- 
nations and the degree of female polymorphism; and the 
parentage of the males. If the new data give a detailed 
fit to the theory of haplodiploid bias or some modification 
of it, the theory can eventually be judged good and true. 
If the data do not fit but nevertheless prove intrinsically 
valuable and lead to new ideas and investigations (as I 
believe they will), then the theory will have to be judged 
as having been merely good. 


Selfish Altruism and Altruistic Selfishness 


The interaction between selection at the individual level 
and selection at the colony level is complex, and its effects 
are often subtle. The evolutionary interpretation of social 
behavior patterns can be treacherous when pursued in a 
piecemeal fashion. A behavioral act which on limited view 
appears to be selfish, or even destructive to others, may 
in fact be seen to be part of a pattern of coordinated, 
largely altruistic behavior when reviewed as a part of total 
colony biology. And another behavioral act, which on first 
view seems to be altruistic with respect to some other 
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individual, may be revealed as a competitive device 
among siblings when reviewed in terms of the theory of 
inclusive fitness. Perhaps I can explain how such para- 
doxical relations can exist in nature. 

We have seen how, in the higher social wasps of the 
genus Vespula, there exists a dominance hierarchy among 
workers (Montagner, 1966). Liquid food exchange is the 
medium of the hierarchy, and workers contend, often 
ageressively, for the privilege of receiving the crop con- 
tents of other workers by means of regurgitation. This 
display of apparently selfish behavior among members of 
the worker caste is not typical of social insects generally 
and cannot easily be explained by the theory of natural 
selection. It is true that the Vespula workers lay some eggs 
of their own which develop into males, and it is at least 
conceivable that dominant individuals perpetuate the 
“selfish” genes underlying dominance behavior by contrib- 
uting more than their share of the eggs. To be sure, 
dominance hierarchies appear early in the growth of the 
colony, long before male eggs are laid, and there is only 
a loose positive correlation between ovarian development 
and dominance rank. But dominance can still conceivably 
be interpreted as selfish behavior based on genes favored 
in the worker-male hereditary lines. 

However, a second explanation of the phenomenon, 
clearly altruistic in content, emerges when the orga- 
nization of the colony as a whole is examined. Montagner 
has shown that the dominance hierarchies are the basis 
of an efficient division of labor among the workers. The 
“low-ranking” workers are the foragers, who gather the 
food and nest construction materials and turn them over 
to higher ranking workers on entering the nest. The high- 
est-ranking workers remain in the nest, attending the 
larvae and building and repairing the brood cells. Thus 
the dominance behavior serves as a mechanism that ap- 
portions the colony labor, and one can reasonably suppose 
that it contributes to the fitness of the colony as a whole. 
A similar hierarchical organization, based on liquid food 
exchange and associated with ovarian development, has 
been discovered in the ant Formica polyctena by Lange 
(1967). Unlike the Vespula, the Formica do not display 
overt aggression in their interactions. 

The Formica polyctena case forms a transition between 
Vespula and a more subtle but interesting situation in the 
honeybee Apis mellifera. In the latter species there is also 
a kind of “dominance hierarchy” of food exchange by 
which food flows from the foragers to the nurse bees. There 
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is no overt aggression, and most of the bees change their 
status with increasing age from “dominant” nurses to 
“subordinate” foragers. Most importantly, workers do not 
normally contribute to drone production (Ribbands, 
1953), so we can discount the selfish gene hypothesis. In 
short, what appears to be selfish behavior when viewed 
in a few individuals over a short period of time, is more 
evidently altruistic behavior when interpreted at the level 
of the colony over a longer period of time. 

Consider next an example of the reverse oxymoron: 
altruistic selfishness. Brian and Hibble (1963) observed 
that, in the presence of the queen, workers of Myrmica 
ruginodis give the largest larvae less food and bite them 
deeply enough to leave cuticular scars. As a result, the 
growth of the large larvae is slowed, the small larvae grow 
faster, and fewer larvae reach the critical size required to 
turn them into queens. Here we have an example of what 


335 The Genetic Theory of Social Behavior 


can be legitimately interpreted as colony regulation, with 
the workers deferring to the presence of a laying queen 
by preventing the production of additional queens from 
among their sisters. But is it really colony regulation, and 
can it even be viewed as altruistic? When analyzed by 
means of selection theory, we find that workers are ac- 
tually increasing their own inclusive fitness by favoring 
their mother over their sisters. If they favored their sisters 
to become queens, they would increase the probability of 
having to rear their own nieces, to whom they are related 
by degree 35% (assuming brother-sister matings) or less, 
whereas by favoring their mother they will continue to 
rear sisters, to whom they are related by degree 3⁄4. In this 
case the simplest explanation involves selection at the level 
of groups of individuals within the colony rather than at 
the level of the colony as a whole. 


18 Compromise and Optimization in Social 


Evolution 


The evolution of social insects offers an interesting array 
of the kinds of questions that can only be solved by the 
modern methods of population biology. We must ask, for 
example, why so many species of wasps and bees are at 
a primitive level of sociality, while others have converged 
with the ants and termites to the apex of eusociality. At 
a different level, what is the reason that colonies of some 
species tolerate only one queen, but those of other species 
many queens? And why have some species evolved elab- 
orate worker polymorphism, while related species have 
retained strict monomorphism? It will also be eventually 
necessary to inquire why, within limited taxa, some species 
employ odor trails and others do not, some have colonies 
of millions of workers and others less than a hundred, 
some spread their colonies among multiple nest sites, and 
others cluster in one unit, some engage in regurgitative 
food exchange and others do not. Correct answers to 
evolutionary questions can be given that are either trivial 
or incisive. The full, meaningful answer must both identify 
the function of the trait under examination and assess the 
historical accidents that have caused the trait to evolve 
to a particular stage at a particular time. 

Consider, for example, the matter of the primitively 
social species: why have they progressed no further? Two 
extreme possibilities can be envisioned. First, there is what 
might be termed the “disequilibrium case.” This means 
that the species is still actively evolving toward a higher 
social level. The situation can arise if social evolution is 
so slow that the species is embarked on a particular adap- 
tive route but is still in transit. Or it can also be produced, 
even if social evolution is fast enough, providing extinction 
rates of evolving species are so high that only a few species 
ever make it and most are consequently in transit at any 
given time. Implicit in any disequilibrium hypothesis is 


the assumption that the high eusocial state, or some par- 
ticular high eusocial state, is the summum bonum, the 
solitary adaptive peak toward which the species and its 
relatives are climbing. The opposite extreme is the “equi- 
librium case,” in which species at different levels of social 
evolution are more or less equally well adapted. There 
are multiple adaptive peaks—solitary, presocial, eusocial— 
and evolution toward or away from each is about equally 
fast. or at least the rate is not strictly correlated with the 
level of sociality. The equilibrium hypothesis envisions 
lower levels of sociality as compromises struck by species 
faced with opposing selection pressures. Now it need only 
be added that the social levels of some species can proba- 
bly be characterized as equilibrial with reasonable accu- 
racy and others as disequilibrial to varying degrees. To 
speak of compromise and equilibrium in a precise manner 
is to employ the language of optimization theory, a young 
science that has scarcely begun to be applied to biology 
as a whole, much less to the study of social insects. The 
remainder of this chapter will be devoted to a formulation 
of the elements of the subject, in the belief that it offers 
the opportunity of opening a whole new era of investi- 
gation and understanding in animal behavior. 

The germ of the idea with reference to the social insects 
is to be found in the essays of O. W. Richards (in Richards 
and Richards, 1951; and Richards, 1953a) on colony 
growth in the polybiine wasps. It will be remembered from 
Chapter 3 that the polybiine species vary greatly in colony 
size; the mature colonies of some never have more than 
20 or 30 cells, while others may have many thousands. 
These differences are correlated with the degree of com- 
plexity of nest structure, and possibily other behavioral 
traits, so it is reasonable to think of colony size as one 
index of the level of social evolution. But rather than view 
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polybiines as moving upward along the scale of colony 
size in evolution, Richards raised what he himself termed 
a “heretical” possibility: that some aspects of social life 
can be disadvantageous and stagnating. There is a special 
reason why large colony size might be the wrong strategy 
for a particular polybiine species: “In Guiana, some of 
the most dangerous enemies were the Driver ants 
(Ecitonini) but enemies of various sorts occur everywhere. 
It is a matter of speculation what are the respective likeli- 
hoods of discovery by a searching enemy of one large or 
many small colonies. Each colony may be regarded as so 
much locked up capital. There is perhaps more chance 
of one of the numerous small ones being discovered but 
less is lost if it is destroyed. On the other hand, for an 
enemy hunting by scent, a large colony might be detected 
at a much greater distance though it might also be able 
to defend itself better. Driver ants appear to be almost 
irresistable and it seems conceivable that the most desira- 
ble size of colony and the length of time for it to reach 
maturity may be partly determined by the attacks of 
enemies.” (Richards, 1953a.) 

Polybiine colonies cannot resist attacks by the ecitonine 
army ants, which in some places in South America strike 
as frequently as once every several months on the average. 
This pressure alone should drive colony size down to the 
minimum, other factors being equal. On the other hand, 
attacks by vertebrate predators are also frequent, and they 
can best be resisted by large colonies. The colony size 
arrived at in the evolution of the individual polybiine 
species must be a balance struck to accommodate, at least 
in part, these two opposing pressures. It is interesting that 
colonies of stingless bees (Meliponini) are nearly immune 
to army ant attack, evidently as a consequence of the hard 
cerumen casements and narrow entrance tunnels in the 
nest structure and possibly also the chemical defense 
employed by the workers (Rettenmeyer, 1963a). Stingless 
bee colonies are also quite large as a rule, and it is not 
at all out of line to speculate that this trait, along with 
whatever more advanced social qualities are made possi- 
ble by it, have been due to the liberation of meliponines 
from predation by army ants. 


The Reversibility of Social Evolution 


In his discussion of social evolution in bees, Michener 
(1964c, 1969a) has reflected further on the concepts of 
disadvantage and compromise. He has pointed out that, 
in all of the species of social Hymenoptera so far studied, 
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the rate of colony productivity, measured in new offspring 
per adult female per unit of time, falls off with an increase 
in colony size. Typical examples are given in Figure 18-1. 
Ultimately, this means that, for a population of colonies 
comprised of a given biomass, the smaller the average 
colony size, the greater will be the number of sexual forms 
produced each generation. By the process of natural se- 
lection, such a correlate left unopposed should result in 
the steady reduction of colony size and eventually elimi- 
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FIGURE 18-1. Part of the demonstration by Michener 
(1964c) that in the social Hymenoptera the growth rate of the 
colony measured in new individuals per adult female per unit 
of time decreases with increase in colony size. (above) In the 
halictine bee Lasioglossum rhytidophorum, “reproductivity,” a 
measure based on the numbers of small larvae, eggs, and 
pollen balls, increases with colony size when the count is taken 
for the entire colony, but it decreases when the average (per 
female) count is taken; curves I and II represent different times 
of the year, while the numbers beside the points represent the 
number of nests in the sample. (below) The same is shown for 
the wasps Polybia bistriata and P. bicytarella (data from 
Richards and Richards, 1951). 
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nate social behavior altogether. Of course. the trend is 
opposed. There are three advantages generally conferred 
by social behavior which can be expected to favor large 
colony size: 

1. Improved defense. The nest can be guarded continu- 
ously and more efficiently. If the species has a worker caste 
and the colony size is large enough, individual workers 
can literally throw their lives away in counterattacks 
without significantly reducing colony fitness. 

2. Improved homeostasis. Regulation of temperature 
and humidity are perfected when enough individuals are 
present to construct a sufficiently large and complex nest, 
to contribute their own metabolic heat and water in ade- 
quate quantities, and to specialize in behavior for the 
creation of special mass effects (see Chapter 11). 

3. Improved labor. Groups of workers can perform 
tasks, such as the removal of large obstructions during nest 
building, the capture of larger or more dangerous prey. 
and so forth, that are impossible for single individuals. 

These favorable aspects of social behavior are so clearly 
dominant in the more advanced social insects as to render 
Michener’s reproductivity effect seemingly insignificant. 
But this is not at all the case for the primitive eusocial 
bees. In these insects the degree of nest homeostasis does 
not exceed that achieved by related solitary forms, and 
the total of the cooperative labor in a colonial group does 
not seem to exceed the sum of that accomplished by a 
group of solitary bees of comparable number. What does 
matter, according to Michener (1958), is the improved 
defense against parasitic and predatory arthropods that 
association with a little group of nestmates provides. Sev- 
eral observers in addition to Michener have witnessed 
guard bees protecting their nests against mutillid wasps 
and ants. Lin (1964) was able to demonstrate that groups 
of Dialictus zephyrus females are more effective than 
solitary individuals in repelling mutillids. Michener and 
Kerfoot (1967) provided indirect evidence that groups of 
Pseudaugochloropsis females survive longer than solitary 
ones, but they were only able to conjecture that improved 
nest defense is responsible. 

It follows that, if the reproductivity effect is driving 
colony size down in evolution and predator-parasite pres- 
sure is driving it up, a slackening of predator-parasite 
pressure should automatically result in a decrease in 
colony size and perhaps even go so far as to result in the 
abolishment of social behavior altogether. This is precisely 
what Michener (1969a) suggests has happened in certain 
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borderline cases in the Halictinae and Ceratinini. An 
example may be the species of Exoneurella, which appear 
to have reverted to a solitary state from a primitivelv 
eusocial state. 

Extending this reasoning, we can next inquire whether 
altered selective pressures ever drive species of termites, 
ants, and apine bees all the way back from the higher 
eusocial states. Put another way, is there a point of no 
return in social evolution? In partial answer it can be 
pointed out that many of the social parasites in bees, 
wasps, and ants have reversed an important part of their 
sociality: that is, they have abandoned the worker caste. 
But parasites are still completely eusocial by virtue of 
being wholly dependent on the eusocial colonies of their 
hosts. Leaving this special case aside, there are reasons 
for believing that a point of no return does indeed exist. 
The highest insect societies have lost elements of behavior 
that would be very difficult to reattain in evolution. The 
broods of some groups. for example, have become de- 
pendent on the adults in a way not seen in solitary insects. 
Termite eggs will not even hatch unless cared for by 
adults, and ant larvae and pupae require intimate groom- 
ing in every stage of their development and must be 
assisted at each ecdvsis. Also. while Michener’s reasoning 
concerning the preeminence of defense as a factor in the 
evolution of primitive sociality is probably correct. the 
other pressures just listed. namely, advantages conferred 
by homeostasis and cooperative labor. are clearly at work 
in more advanced insect societies, and it is unlikely that 
all would ever cease in concert. 


The Significance of Monogyny 


Had the Queens been more numerous, it would have 
engaged too large a Circle of Attendants; had 

thev been less, or equal with Regard to Size, it 
would not so well have answered the dijferent 
Proportions of Young observable in the several 
Colonies. So exact are the Wonders of Providence! 
in nothing superfluous or deficient. — 


William Gould (1747) 


Species of social insects are characterized not only by 
the kinds of castes they produce but also, within reasona- 
ble limits, by the ratios of individuals belonging to each 
caste within single colonies (Noirot, 1954: Michener, 
1961b; Wilson, 19683). As was shown in Chapters 8-10, 
a great deal of experimental evidence indicates that the 
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ratios are regulated through the additive inhibition by 
individuals of à given caste on the production of new 
members of the same caste. In at least some of the cases, 
the control is achieved through primer pheromones. Al- 
though physiological explanations of caste control are now 
emerging, little is understood of the adaptive significance 
of fixed caste ratios. The present level of our under- 
standing can be illustrated by a further consideration of 
monogyny, the condition of the occurrence of single 
queens in colonies. Drawing largely from a recent review 
of the subject by Michener (1964c), I have been able to 
conceive of four evolutionary explanations of the phe- 
nomenon, no two of which are mutually exclusive. 

l. As pointed out by Michener, the inverse relation 
between colony size and average worker productivity 
implies that maximum average individual productivity is 
achieved by very young, monogynously founded colonies. 
This seems to me to be an unlikely selective factor leading 
to monogyny, however, since what matters most is the 
probability of colony survival, which in turn depends more 
on the size and productivity of the colony as a whole than 
on the average capability of individuals. A large polygy- 
nous colony of weak individuals would be superior to a 
very small, monogynous colony. Other factors, therefore, 
must drive species toward monogyny. 

2. Caste and social behavior would be simple and, 
hence, might be easier to control if only one queen were 
present. This hypothesis has a certain immediate plausi- 
bility, but it has yet to be supported by any convincing 
empirical evidence. 

3. Weismann (1893) suggested that evolution would 
proceed most rapidly in monogynous colonies because 
such colonies expose a more limited number of genotypes 
to selection. This is true, of course, but it is a second-order 
factor, rather like mutator genes or dominance modifiers, 
and its effects could be easily overturned by opposing 
selection of a more direct kind. Again, I am inclined to 
believe that other factors are more potent in promoting 
monogyny. 

4. Unless the queens are very closely related, it will be 
ultimately advantageous for them to eliminate one an- 
other or else to avoid sharing the same nest site. Hamilton 
(1964) has expressed the same idea another way: polygyny 
(“pleometrosis”) should occur only when population vis- 
cosity is high enough to insure frequent association of 
sibling queens and, hence, to promote an altruistic sharing 
of resources. 
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I would argue that the fourth hypothesis is not only the 
simplest explanation available, but it is also adequate to 
explain most of the current empirical information. As I 
stressed earlier, in Chapter 17, there is a strong tendency 
for queens to eliminate rivals except in cases where an 
association temporarily provides them with an advantage 
over single queens founding other colonies. Where it does 
occur, the hostility is usually in marked contrast to the 
amicable behavior displayed among all the other members 
of the colony. 

There is, nevertheless, a second form of competition that 
results in monogyny and that cannot be so easily brought 
in line with the fourth hypothesis. This is the phenomenon 
of the execution of supernumerary queens by the workers. 
When the stings of honeybee queens sharing the same nest 
are amputated, so that they are unable to kill each other, 
the workers still attack and remove some of the surplus 
(Darchen and Lensky, 1963). To take another example, 
the life cycle of stingless bees unfolds in such a way that 
only one virgin queen at a time can be supplied with a 
new nest and supporting worker force, and surplus virgin 
queens are executed by the workers soon after one of 
their sisters makes a successful nuptial flight (Moure, 
Nogueira-Neto, and Kerr, 1958). Also, when extra sec- 
ondary reproductives of Kalotermes flavicollis are pro- 
duced in artificial nests by experimental means, they are 
quickly killed and eaten by the workers (Lüscher, 1952b). 
Multiple queens of normally monogynous species of the 
ant genera Crematogaster and Plagiolepis can be com- 
bined artificially in laboratory colonies, but in time the 
workers destroy all but one (Baroni Urbani and Soulié, 
1962; Soulié, 1964; Passera, 1963b). My own studies have 
shown a remarkable form of monogyny control on the part 
of workers of the fire ant Solenopsis saevissima (Wilson, 
1966). Any number of young, mated queens can be suc- 
cessfully introduced into a queenless S. saevissima colony 
if the entire group is chilled to immobility prior to the 
introductions. Within a day or two, however, the workers 
begin to crowd about and to attack individual queens. 
Their method of execution is to seize these individuals by 
their appendages, spread-eagle them, and gradually dis- 
member them over a period of hours or days. Figure 18-2 
depicts data from one such experiment in which each of 
five colonies were initially given five queens. In each group 
the workers soon reduced the number to one. In over 
twenty such trials involving two to five queens and colo- 
nies of several hundred workers, the number of queens 
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FIGURE 18-2. Reduction of supernumerary queens through 
execution in experimental colonies of the fire ant Solenopsis 
saevissima. The queens were all young, recently mated 
individuals collected just after a nuptial flight. The workers 
came from an old laboratory colony. In each of the five 
replications, the number of queens was reduced from five to 
one in no more than 70 days and held at one thereafter for at 
least 150 days (from Wilson, 1966). 


was always reduced to one. Only in a single case, where 
the colony started with two queens (among three other 
colonies set up in the same way) were both queens toler- 
ated long enough to contribute significantly to further 
growth of the colony. No colony made the mistake of 
executing the last remaining queen. The genetic rela- 
tionship of the queens to the colonies was not known, but 
it was probably not very close. All were collected from 
a very large population over a wide area (around Baton 
Rouge, Louisiana) so that the chance of queens and colo- 
nies originating from the same nest was small. There is 
as yet no answer to the question of how the workers select 
queens for execution. It may be on the basis of dissimi- 
larity of body odor, which in turn may or may not have 
a genetic origin, or it may be on the basis of competitive 
production of some unknown pheromone. Nor is there yet 
any clue as to how the workers know enough to save the 
last queen. 

To return to the original proposition, that monogyny 
evolves by competition among queens, it can be argued 
that much of the evidence directly supports this view and 
the remainder is at least compatible with it. Seemingly 
the least favorable evidence is the phenomenon of queen 
execution by workers. How could reginicide behavior 
evolve in workers, except by selection among colonies 
rather than among queens in single colonies? An answer, 
not necessarily the correct one, is that the queen-worker 
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complex could evolve so as to have workers remove 
queens with the least familiar odor, if some of the odor 
differences were genetic in origin. The reason is that under 
natural conditions resident queens and associated workers 
would be genetically very close. In S. saevissima and other 
species where queens are sometimes introduced from the 
outside, it would be advantageous to the colony as a whole 
for workers to destroy intruders because the new queens 
would almost certainly be less closely related. A strange 
aspect of the S. saevissima example is that, although the 
queens fight among themselves in the early stages of 
colony founding, in older colonies they completely avoid 
each other and let the workers handle the executions. It 
is as though too much is at stake in the undamaged person 
of the queen within older colonies, and the risk is therefore 
too great to the whole colony genotype for the queen to 
engage in further hostility so long as the more expendable 
workers are able to do it for her. 

Whatever the selective pressures that bring monogyny 
about in the first place, it seems probable that its estab- 
lishment is conducive to the evolution of what we gener- 
ally regard as some of the highest forms of social behavior. 
This inference was drawn in the following way by Haskins 
(1966). Suppose hostility among queens and queen exe- 
cution did not exist. Then we would expect most or all 
social species to be polygynous. The queen-worker ratio 
in the colony of each species would be a compromise 
reached between two opposing tendencies. On the one 
hand, there would be a selfish tendency in females to 
become fertile and lay eggs of their own; on the other 
hand, there would be an altruistic tendency for females 
to become workers in order to increase the total colony 
fitness. So long as the degree of polygyny was fixed by 
such an uneasy balance, caste differences would not be 
great and the development of more elaborate forms of 
mass behavior dependent on caste differentiation would 
be inhibited. But once monogyny is fixed (for whatever 
reason) the species is “free” to evolve in this direction. 
The polybiine wasps typify the first and more primitive 
condition, while most of the ants, termites, and apine bees 
typify the more advanced condition based on monogyny. 


The Significance of Worker Inefficiency 


Man’s most cherished notion about social insects has 
always been that the workers are highly virtuous, indus- 
trious, and efficient. The following encomium from Pierre 
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André Latreille (1802) is typical of the traditional view: 
“Peut-on voir une société dont les membres qui la com- 
posent aient plus d’amour public? qui soient plus des 
intéressés? qui aient pour le travail une ardeur plus 
opiniatre et plus soutenue? Quel singulier phénoméne! ” 

For the past several years, however, some entomologists 
have begun to suspect that, ‘contrary to folklore, the 
members of insect societies do not labor as hard or as 
efficiently as they might in the interests of colony growth. 
Otto (1958a) found that workers of the ant Formica 
polyctena (= “Formica rufa minor”) are idle approxi- 
mately half of the time. In my own time-budget studies 
of the harvester ant Pogonomyrmex badius the workers 
were unoccupied most of the time, even during the hours 
of the day when foraging was at its peak. Lindauer (1961) 
has commented on the large amount of time honeybee 
workers spend “loafing.” Of a total of 177 observation 
hours spread over the whole life of one selected bee, 70 
were spent doing nothing; another 56, patrolling the nest. 
Brian (1957d) has identified at least three sources of in- 
efficiency in the rearing of larvae by Myrmica rubra colo- 
nies: (a) large larvae are so disproportionately favored by 
the nurse workers that a suboptimal food distribution 
results; (b) the larvae are grouped together by the workers 
in such a way as to prevent the most direct servicing by 
the greatest number of available nurses; and (c) the larvae 
receive food through a trial-and-error method rather than 
by transmitting “hunger signals” at a distance. Michener’s 
reproductivity effect described earlier—that in social 
Hymenoptera the productivity of the average worker 
(measured by number of brood per worker at a given 
time) falls off when the number of workers increases— 
would also seem to reflect inefficiency in organization. 
Sakagami and Hayashida (1962), in their measurements 
of work efficiency in Formica and Polyergus, obtained the 
surprising result that, as the number of workers available 
for excavating sand increased, both the proportion of 
“elite” (hardworking) individuals and the average amount 
of work per individual decreased. This effect is just the 
opposite of social facilitation, which has long been as- 
sumed—perhaps erroneously—to prevail in ant societies 
on the basis of Chen’s (1937) rather limited experiments 
with Camponotus. 

It is easy to conceptualize insect colonies as analogues 
of simple machines and to invent ways by which worker 
behavior might be modified to increase worker and re- 
productive efficiency. But the encompassing and far more 
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complex problem (of which efficiency is only a part) is 
that of adaptation, and adaptation implies a permissible 
optimum by which colony fitness can be measured. It is 
the optimum, or “goal” in machine-oriented terminology, 
which we understand least. Is it possible that Myrmica 
larvae are arranged in clusters, Pogonomyrmex workers 
are idle a seemingly unconscionable amount of time, and 
Formica workers work less in the presence of many com- 
panions because these behavior patterns are adaptive in 
other ways? Michener (1964c) offers a solution to part of 
the problem when he says, “It may well be that the large 
numbers of inefficient workers have their chief selective 
value, not in the greater reproductivity which they make 
under ordinary conditions, but in their importance in 
defense against natural enemies or against major changes 
in the physical environment.” Lindauer (1961) has re- 
ferred to the loafers in the honeybee colony as “the reserve 
troops, employed at critical points in the labor market as 
the necessity arises.” Their homeostatic role is especially 
clearly indicated in thermoregulation and food gathering. 

We have just begun to articulate the connections be- 
tween worker behavior, colony efficiency, and colony 
fitness in the genetic sense. Three major efforts are needed 
before a deeper understanding of this fundamental issue 
can be attained: more complete studies of colony physiol- 
ogy, field studies of colony mortality under natural condi- 
tions, and a mathematical theory of genetic fitness con- 
stantly extended to keep pace with the first two. Let us 
now turn to the subject of ergonomics, which provides an 
entrée into the theoretical analysis of genetic fitness at the 
colony level. 


The Ergonomics of Caste 


In Chapters 8-10 it was shown how past studies of caste 
systems in the social insects have focused on the obvious 
question of the genetic and physiological mechanisms that 
control caste determination in the individual insect. In the 
great majority of bees, and in most and perhaps all ants, 
wasps, and termites, caste is environmentally determined. 
The environmental controls are diverse in nature and 
differ from group to group. They include the biasing 
influences of yolk nutrients, of various quantitative and 
qualitative factors in larval feeding, of temperature 
changes, and of the caste-specific pheromones. There is 
a second major problem connected with caste that is 
evolutionary in nature and can be phrased as follows: why 
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do the ratios of the castes (in an entire colony population) 
vary among species of social insects? This question, like 
the other questions on optimality and natural selection 
just considered, is much less obvious than the physio- 
logical one and can be considered only in the context of 
the ecology of the individual species. Much empirical 
information on ratios exists, but there is little theory. Only 
recently have insect sociologists begun to handle the data 
in systematic fashion, as, for example, in the work of 
Richards and Richards (1951), Lindauer (1961), Hamilton 
(1964), Brian (1965b), and Wilson (1966, 1968a). 

This matter of the presence or absence of a given caste, 
together with its relative abundance when present, should 
be susceptible to some form of optimization theory pro- 
vided we are able to assume selection at the colony level. 
In fact, colony selection in the advanced social insects does 
appear to be the one example of group selection that can 
be accepted unequivocally so long as we are careful to 
bear in mind that the group in this case is the colony and 
not the population of colonies. To be sure, it is the queen, 
the mother of all the workers and second generation 
reproductives in the colony, which transmits the gametes 
and is the ultimate focus of selection. In this special sense 
colony selection differs from group selection in the hy- 
pothetical Wynne-Edwards sense, where most or all of the 


mature individuals of the populations are involved in. 


reproduction (Wynne-Edwards, 1962; G. C. Williams, 
1966). But it remains true that the colony is selected as 
a whole, and its members contribute to colony fitness 
rather than to individual fitness. It therefore seems a 
sound procedure to accept colony selection as a mecha- 
nism and to press on in search of optimization theory 
based on the assumption that the mechanism operates 
generally. For, if selection is mostly at the colony level, 
workers can be altruistic with respect to the remainder of 
the colony, and their numbers and behavior can be regu- 
lated in evolution to achieve maximum colony fitness. 
What has been lacking so far is an entrée to the theory 
of group behavior, a way of abstracting our empirical 
knowledge of caste and colony ergonomics* into a form 
that can be used to analyze optimality. In a recent article 
(Wilson, 1968a) I attempted a first formulation by means 
of the techniques of linear programming and obtained 


*I have suggested the term “ergonomics,” borrowed from human 
sociology (e.g, Murrell, 1965), to identify the quantitative study of the 
distribution of work, performance, and efficiency in insect societies 
(Wilson, 1963a). 
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some surprising but still largely theoretical results. The 
essential arguments and results are presented here in a 
simplified form. 

First, consider the concept of cost in colony repro- 
duction. As colonies grow, their caste ratios change. Very 
young colonies founded by single queens typically consist 
only of the queens and minor workers. As they approach 
maturity, these same colonies may add medias and 
soliders. Finally, they produce males and new, virgin 
queens. Here we will consider ergonomics and cost in the 
mature colony only. A mature colony is defined as a 
colony large enough to produce new, virgin queens. Also, 
for convenience, the category “caste” will include both 
physical castes, such as minor workers and soldiers, and 
temporal “castes.” The latter are classes of individuals in 
those various periods of labor specialization that most 
individual social insects pass through in the course of their 
lives. What determines the efficiency of the mature colony 
is the number of workers in each temporal caste at any 
given moment. This conception is spelled out in the ex- 
ample given in Figure 18-3. 

In the mature colony, depending on the species, the 
adult force may contain anywhere from a few tens of 
workers to several millions. The number is a species char- 
acteristic. It has been evolved as an adaptation to ultimate 
limiting factors in the environment. An ultimate limit may 
be imposed by the constraints of a peculiar kind of nest 
site to which the species is adapted, by the restricted 
productivity of some prey species on which the species 
specializes, or, conversely, by a prey species or competitor 
so physically formidable as to require a larger worker 
force as a minimum for survival. These and other ultimate, 
limiting factors have been documented and discussed in 
the literature by Brian (1965b). The mature colony, on 
reaching its predetermined size, can be expected to con- 
tain caste ratios that approximate the optimal mix. This 
mix is simply the ratio of castes that can achieve the 
maximum rate of production of virgin queens and males 
while the colony is at or near its maximum size. 

It is helpful to think of a colony of social insects as 
operating somewhat like a factory constructed inside a 
fortress. Entrenched in the nest site and harassed by 
enemies and capricious changes in the physical environ- 
ment, the colony must send foragers out to gather food 
while converting the secured food inside the nest into 
virgin queens and males as rapidly and as efficiently as 
possible. The rate of production of the sexual forms is an 
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FIGURE 18-3. This diagram visualizes the principal work 
periods traversed in the life spans of three worker subcastes of 
a generalized polymorphic ant species. The work periods are 
those periods in which the indicated task is the one most 
frequently performed; other tasks may be performed, but less 
often. The forms of the castes and the sequences of work 
periods within each caste are based on real species, but the 
precise durations of the periods are imaginary. In this case each 
of the eight periods, the total (arbitrary) of periods 
encountered in all three castes together, is treated as a separate 
“caste.” The optimal mix can be evolved both by varying the 
relative numbers in each subcaste and the relative time spent in 
each work period (the ants represented in this figure and in 
succeeding figures in this chapter belong to the myrmicine 
genus Pheidole and are shown only as an intuitive aid) (after 
Wilson, 1968a). 


important, but not an exclusive, component of colony 
fitness. Suppose we are comparing two genotypes belong- 
ing to the same species. The relative fitness of the geno- 
types could be calculated if we had the following complete 
information: the survival rates of queens and males be- 
longing to the two genotypes from the moment they leave 
the nest on the nuptial flights; their mating success; the 
survival rate of the fecundated queens; and the growth 
rates and survivorship of the colonies founded by the 
queens. Such complete data would, of course, be ex- 
tremely difficult to obtain. In order to develop an initial 
theory of ergonomics, however, it is possible to get away 
with restricting the comparisons to the mature colonies. 
In order to do this and still retain precision, it would be 
necessary to take the difference in survivorship between 
the two genotypes outside the period of colony maturity 
and reduce it to a single weighting factor. But we can 
sacrifice precision without losing the potential for general 
qualitative results by taking the difference as zero. Now 
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we are concerned only with the mature colony, and the 
production of sexual forms becomes (keeping in mind the 
artificiality of our convention) the exact measure of colony 
fitness. The role of colony-level selection in shaping pop- 
ulation characteristics within the colony can now be 
clearly visualized. If, for example, colonies belonging to 
one genotype contain on the average 1,000 sterile workers 
and produce 10 new, virgin queens in their entire life span, 
and colonies belonging to the second genotype contain, 
on the average, only 100 workers but pröduce 20 new, 
virgin queens in their life span, the second genotype has 
twice the fitness of the first, despite its smaller colony size. 
As a result, selection would reduce colony size. The lower 
fitness of the first could be due to a lower survival rate 
of mature colonies, or to a smaller average production of 
several forms for each surviving mature colony, or to both. 
The important point is that the rate of production in this 
case is the measure of fitness, and evolution can be ex- 
pected to shape mature colony size and organization to 
maximize this rate. 

The production of sexual forms is determined in large 
part by the number of “mistakes” made by the mature 
colony as a whole in the course of its fortress-factory 
operations. A mistake is made when some potentially 
harmful contingency is not met—a predator successfully 
invades the nest interior, a breach in the nest wall is 
tolerated long enough to desiccate a brood chamber, a 
hungry larva is left unattended, and so forth. The cost of 
the mistakes for a given category of contingencies is the 
product of the number of times a mistake is made times 
the reduction in queen production per mistake. With 
this formal definition, it is possible to derive in a 
straightforward way a set of basic theorems on caste. In 
the special model, the average output of queens is viewed 
as the difference between the ideal number made possible 
by the productivity of the foraging area of the colony and 
the number lost by failure to meet some of the contin- 
gencies. (The model can be modified to incorporate other 
components of fitness without altering the results.) The 
evolutionary problem which I postulate to have been 
faced by social insects can be solved as follows: the colony 
produces the mixture of castes that maximizes the output 
of queens. In order to describe the solution in terms of 
simple linear programming, it is necessary to restate the 
solution in terms of the dual of the first statement: the 
colony evolves the mixture of castes that allows it to 
produce a given number of queens with a minimum 
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quantity of workers. In other words, the objective is to 
minimize the energy cost.* 

The simplest case involves two contingencies whose 
costs would exceed a postulated “tolerable cost” (above 
which, selection takes place), together with two castes 
whose efficiencies at dealing with the two contingencies 
differ. The inferences to be made from this simplest situa- 
tion can be extended to any number of contingencies and 
castes. 

The most important step is to relate the total weights, 
W, and W,, of the two castes in a colony at a given instant 
to the frequency and importance of two contingencies and 
the relative efficiencies of the castes at performing the 
necessary tasks. By stating the problem as the minimiza- 
tion of energy cost (see Wilson, 1968a), the relation can 
be given in linear form as follows: 


Contingency Curve 1 
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W, is the weight of all members belonging to caste 1 in 
an average colony; 

W, is the weight of all members belonging to caste 2 in 
an average colony; 

F, and F, are the highest tolerable costs due to contin- 
gencies 1 and 2; 

4 is a constant such that a,, W, gives the average number 
of individual contacts with a contingency of type 1 by 
members of caste 1 during the existence of the contin- 
gency; 

& is a constant such that a,,W, gives the average number 
of individual contacts with a contingency of type 1 by 
members of caste 2 during the existence of the contin- 
gency; 

æ; and ap are constants similar to the above two but 
with reference to contingencies of type 2; 

931 is the probability that, on encountering contingency 
1, a worker of caste 1 responds successfully; 


*Levins (1968) has rederived the same theorems in terms of the 
opposite dual in order to align them with his general theory of fitness 
sets. His method has pedagogic advantages, but it is more difficult to 
relate to the underlying behavioral phenomena. 
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12 is the probability that, on encountering contingency 
1, a worker of caste 2 responds successfully; 

Jo, and qz; are the probabilities of the above two but with 
reference to contingency 2; 

x, and x, are the average costs (in this case, measured 
in nonproduction of virgin queens) per failure to meet 
contingencies | and 2, respectively; 

k, and k, are the frequencies of contingencies | and 2, 
respectively, for a given period of time. 
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FIGURE 18-4. This diagram shows the general form of the 
solution to the optimal mix problem in evolution. In this 
simplest possible case, two kinds of contingencies (“tasks”) are 
dealt with by two castes. The optimal mix for the colony, 
measured in terms of the respective total weights of all the 
individuals in each caste, is given by the intersection of the two 
curves. Contingency curve 1, labeled “task 1,” gives the 
combination of weights (W, and W,) of the two castes 
required to hold losses in queen production to the threshold 
level due to contingencies of type 1; contingency curve 2, 
labeled “task 2,” gives the combination with reference to 
contingencies of type 2. The intersection of the two 
contingency curves determines the minimum value of 

W, + W, that can hold the losses due to both kinds of 
contingencies to the threshold level. The basic model can now 
be modified to make predictions about the effects on the 
evolution of caste ratios of various kinds of environmental 
changes (from Wilson, 1968a). 
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FIGURE 18-5. The diagram on the left shows that, when 
there are more castes than tasks, the number of castes will be 
reduced in evolution to equal the number of tasks. The surplus 
castes removed will be the least efficient ones (in this case, caste 
1). The diagram on the right shows that if there are more tasks 
than castes, the optimal mix of castes will be determined 
entirely by those tasks, equal or less in number to the number 
of castes, which deal with the contingencies of greatest 
importance to the colony (in this case, tasks 4 and 5) (from 
Wilson, 1968a). 


I have presented this amount of detail to illustrate one 
particular form that contingency curves might take, using 
conventions that relate to intuitively simple ideas con- 
cerning behavior. In fact, no contingency curves of ac- 
tual species have been drawn. At present, the required 
steps of defining contingencies and measuring their effects 
in natural populations are technically formidable. The 
important point is that under a very wide range of con- 
ceivable conditions the contingency curves would be linear 
or almost linear, or at least could be rendered graphically 
in linear form. 

The optimal mix of castes is the one that gives the 
minimum summed weights of the different castes while 
keeping the combined cost of the contingencies at the 
maximum tolerable level. The manner in which the opti- 
mal mix is approached in evolution is envisaged as fol- 
lows. Any new genotype that produces a mix falling closer 
to the optimum is also one that can increase its average 
net output of queens and males. In terms of energetics, 
the average number of queens and males produced per 
unit of energy expended by the colony is increased. Even 
though colonies bearing the new genotype will contain 
about the same adult biomass as other colonies, their 
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average net output will be greater. Consequently, the new 
genotype will be favored in colony-level selection, and the 
species as a whole will evolve closer to the optimal mix. 

The general form of the solution to the optimal mix 
problem is given in Figure 18-4. It has been postulated 
that behavior can be classified into sets of responses in 
a one-to-one correspondence to a set of kinds of contin- 
gencies. Even if this conception only roughly fits the truth, 
it is enough to develop a first theory of ergonomics. For 
example, the graphical presentation in Figures 18-5 and 
18-6 shows that so long as the contingencies occur with. 
relatively constant frequencies, it is an advantage for the 
species to evolve so that in each mature colony there is 
one caste specialized to respond to each kind of contin- 
gency. In other words, one caste should come into being 
that perfects the appropriate response, even at the expense 
of losing proficiency in other tasks. 

A curious possible effect in the evolution of castes is 
illustrated in Figure 18-7. This theorem was derived as 
an answer to the following question: If proliferation and 
divergence of castes are the expected consequences of 
selection at the colony level, why have they not reached 
greater heights throughout the social insects? In fact, these 
qualities vary greatly from genus to genus and even from 
species to species. The only answer consistent with the 
theory is that, as in most evolving systems, the various 
levels reached by individual species are compromises 
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FIGURE 18-6. Itis always to the advantage of the species to 
evolve new castes until there are as many castes as 
contingencies, and each caste is specialized uniquely on a 
single contingency. This theorem can be substantiated readily 
by comparing the two graphs in this figure. With the addition 
of caste 1 in the right-hand figure, the total weight of workers is 
changed from a to b + c. Since caste 1 specializes in task 1, 4 is 
acute; therefore, a — b > canda > b + cforall a b, and c 
(from Wilson, 1968a). 
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between opposing selection pressures. The obvious pres- 
sure that must oppose proliferation and divergence is 
fluctuation of the environment. From Figure 18-7 we can 
see that a long-term change can eliminate a caste if the 
caste that supersedes it (by taking over its tasks through 
superior numbers) is not very specialized. In this example, 
contingency 2 has been increased in frequency (or impor- 
tance), shifting the contingency curve to the right of the 
contingency 1 curve intercept of the W, axis. Conse- 
quently, the number of caste 2 workers required to take 
care of contingency 2 is also more than enough to take 
care of contingency 1. The presence of caste 1 now reduces 
colony fitness, and if the environmental change is of long 
duration, caste | will tend to be eliminated by colony-level 
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FIGURE 18-7. A long-term change in the environment can 
cause the evolutionary loss of a caste, even when the task to 
which the caste is specialized remains as frequent and 
important as ever (from Wilson, 1968a). 
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selection. In this case the species tracks the environment 
to acquire a new optimal mix that just happens to elimi- 
nate the superseded caste. Thus, if the critical features of 
the environment are changing at a rate slow enough to 
be tracked by the species but too fast to permit much 
specialization of individual castes, both the number and 
the degree of specialization of castes will be kept low. 

At another level, the critical features of the environment 
may be changing too fast to be tracked genetically, yet 
too slow to provide each colony with a consistent average 
for the duration ofits life. In this case, a mix of specialized 
castes would be inferior to a few generalized forms able 
to adapt to new circumstances. 

This form of ergonomic theory also reveals two ways 
in which the consequences of colony-level selection can 
be the exact opposite of those stemming from individ- 
ual-level selection. In Figures 18-8 and 18-9 a relation is 


FIGURE 18-8. Ifthe castes are relatively unspecialized, small 
but long-term changes in the environment will ultimately result 
in large evolutionary changes in the optimal caste ratios (from 
Wilson, 1968a). 
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shown to exist between the prior degree of caste specializa- 
tion and the magnitude of change in the optimal mix 
which is invoked by a given change in the environment. 
The castes represented in Figure 18-8 are relatively un- 
specialized. Task 2 is shown to become somewhat less 
common (or less important), resulting in a shift of the 
contingency curve toward the origin without a change in 
slope. As a consequence, the optimal mix changes from 
one comprised predominantly of caste 2 to one comprised 
predominantly of caste 1. In contrast, the castes repre- 
sented in Figure 18-9 are highly specialized, and a shift 
in the contingency curve results in little change in caste 
ratios. These models lead to the conclusion that species 
with initially unspecialized castes will have on the average 
fewer castes and more variable caste ratios, and this effect 
will be enhanced in fluctuating environments. The more 
specialized the castes become in evolution, the more en- 
trenched they become, in the sense that they are more 
likely to be represented in the optimal mix regardless of 
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FIGURE 18-9. The more specialized the castes are in 
aggregate, the less evolutionary change there will be in the 
optimal mix in the face of long-term environmental change 
(from Wilson, 1968a). 
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long-term fluctuations in the environment. Here we have 
a peculiar theoretical result of colony-level selection, the 
opposite of individual-level selection. For in classical 
population genetic theory, which entails individual selec- 
tion, it is the generalized genotypes and species, and not 
the specialized ones, that are most likely to survive in the 
face of long-term fluctuation in the environment. 

The second peculiar result of colony-level selection, 
illustrated in Figure 18-10, involves the relation between 
the efficiency and the numerical representation of a given 
caste. If, in the course of evolution, one caste increases 
in efficiency and the others do not, the proportionate total 
weight of the improving caste will decrease. In other 
words, the expected result of colony-level selection is 
precisely the opposite of that of individual selection, which 
would be an increase in the more efficient form. 

Ergonomic theory will not be easy to test. The required 
steps of defining contingencies and measuring their effects 
in natural populations will require closer attention to the 
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FIGURE 18-10. If one caste increases in efficiency during the 
course of evolution and the others do not, the proportionate 
total weight of the improving caste will decrease. This 
theoretical result of colony-level selection is the opposite of 
what might be expected from individual-level selection, which 
tends to increase improving phenotypes (from Wilson, 1968a). 
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biology of insect colonies than has been attempted in the 
past. Yet I can see no way of probing very deeply into 
the evolution of castes except by this means, or at least 
by comparable studies guided by some other, more clever 
form of ergonomic theory. 

There exists a small amount of indirect empirical evi- 
dence relevant to the ergonomic theorems just presented. 
It is the case, for example, that some phyletic ant lines 
have lost a caste (the soldier caste) secondarily. Although 
the theory allows for this possibility, it is not proved by 
its realization. A second, more suggestive piece of evidence 
is the fact that physical castes are more frequent in tropical 
ant faunas than in temperate ant faunas. This rule is 
consistent with the postulate that castes always tend to 
proliferate in evolution but are simultaneously being re- 
duced in response to fluctuations in the environment, the 
degree of response being proportionate to the degree of 
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fluctuation. Third, it is a fact consistent with the theory, 
but still far from proving it, that the most specialized 
castes are found primarily in tropical genera and species. 
The bizarre soldiers of ant genera such as Paracryptocerus, 
Pheidole (Elasmopheidole), Acanthomyrmex, Zatapinoma, 
Camponotus (Colobopsis), and of termite genera such as 
Nasutitermes, Mirotermes, Anacanthotermes, and Capri- 
termes are all but limited to the tropics and subtropics. 
Polymorphism in temperate ant species, representing the 
less extreme members of Pheidole, Solenopsis, Mono- 
morium, Myrmecocystus, and Camponotus, is predomi- 
nantly of the simpler forms produced by elementary 
allometry. This climatic correlation is predictable from the 
theorem that specialization in castes already in existence 
should increase indefinitely until countered by opposite 
selective pressures imposed by fluctuations in the envi- 
ronment. 


19 Symbioses Among Social Insects 


The insect society is a decidedly more open system than 
the lower units of biological organization such as the 
organism and the cell. In the course of evolution the 
tenuous lines of communication among the members of 
insect colonies have been repeatedly opened and extended 
to incorporate alien species. Many kinds of ants, for ex- 
ample, adopt aphids, mealybugs, and other homopterans 
as cattle to provide a steady source of honeydew; a few 
raid colonies of other species to acquire workers as do- 
mestic slaves, or form close alliances with other species 
to utilize common odor trails and to defend common nest 
sites. Just as frequently, the lines of communication have 
been tapped by other alien species which have insinuated 
themselves into the colony as social parasites. In each of 
their myriad forms the social symbioses are most strongly 
developed in the ants, but enough examples exist in other 
major groups to suggest that certain underlying physio- 
logical and behavioral principles are at work in all. 


The “Ultimate” Social Parasite 


There is no better way to begin a survey of the social 
symbioses than by considering the most extreme example 
known, that of the “ultimate” parasitic ant Teleutomyrmex 
schneideri. This remarkable species was discovered by 
Heinrich K utter (1950a) in the Saas-Fee, an isolated valley 
of the Swiss Alps near Zermatt. Its behavior has been 
studied by Stumper (1950) and Kutter (1969), its neuro- 
anatomy by Brun (1952), and its general anatomy and 
histology by Gésswald (1953). A second population has 
been reported from near Briangon in the French Alps by 
Collingwood (1956). Appropriately, the name Teleuto- 
myrmex means “final ant.” 


The populations of T. schneideri, like those of most 
workerless parasitic ant species (Wilson, 1963b), are small 
and isolated. The Swiss population appears to be limited 
to the eastern slope of the Saas-Fee, in juniper-Arcto- 
staphylos woodland ranging from 1,800 to 2,300m in 
elevation. The ground is covered by thick leaf litter 
and sprinkled with rocks of various sizes, providing, in 
short, an ideal environment for ants. The ant fauna 
is of a typically boreal European complexion, comprised 
of the following free-living species listed in the order 
of their abundance (Stumper, 1950): Formica fusca, 
F. rufa, Tetramorium caespitum, Leptothorax acervorum, 
L. nigriceps, Camponotus ligniperda, Myrmica lobicornis, 
M. sulcinodis, Camponotus herculeanus, Formica sanguinea, 
F. rufibarbis, F. pressilabris, and Manica rubida. For some 
unexplained reason this little assemblage is extremely 
prone to social parasitism. Formica sanguinea is a faculta- 
tive slave-making species, preying on the other species of 
Formica. Doronomyrmex pacis, a workerless parasite living 
with Leptothorax acervorum, was discovered by Kutter as 
a genus new to science in the Saas-Fee forest in 1945. In 
addition, Kutter and Stumper have found Epimyrma 
stumperi in nests of Leptothorax tuberum. Still more 
recently, two parasitic Leptothorax, goesswaldi and kutteri, 
have turned up in nests of L. acervorum (Kutter, 1969). 

Teleutomyrmex schneideri is a parasite of Tetramorium 
caespitum. Like so many other social parasites, it is phylo- 
genetically closer to its host than to any of the other 
members of the ant fauna to which it belongs. In fact, 
it may have been derived directly from a temporarily 
free-living offshoot of this species, since 7. caespitum is 
the only nonparasitic tetramoriine known to exist at the 
present time through most of central Europe. It is difficult 
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FIGURE 19-1. The extreme social parasite, Teleutomyrmex 
schneideri, with its host Tetramorium caespitum. The two 
Teleutomyrmex queens sitting on the thorax of the host queen 
have not yet undergone ovarian development, and their 
abdomens are consequently flat and unexpanded. One still 
bears her wings and is, therefore, almost certainly a virgin. The 
third Teleutomyrmex queen, which rides on the abdomen of the 
host queen, has an abdomen swollen with hyperdeveloped 
ovarioles. A host worker stands in the foreground (drawing 
based on a painting by W. Linsenmaier; courtesy of R. 
Stumper). 


to conceive of a stage of social parasitism more advanced 
than that actually reached by Teleutomyrmex schneideri. 
The species occurs only in the nests of its hosts. It lacks 
a worker caste, and the queens contribute in no visibly 
productive way to the economy of the host colonies. The 
queens are tiny compared with most ants, especially other 
tetramoriines; they average only about 2.5 mm in total 
length. They are unique among all known social insects 
in being ectoparasitic, that is, they spend much of their 
time riding on the backs of their hosts (Figure 19-1). The 
Teleutomyrmex queens display several striking morpho- 
logical features that are correlated with this peculiar habit. 
The ventral surface of the gaster (the large terminal part 
of the body) is strongly concave, permitting the parasites 
to press their bodies close to those of their hosts. The tarsal 
claws and arolia are unusually large, permitting the para- 
sites to secure a strong grip on the smooth chitinous body 
surface of the hosts. The queens have a marked tendency 
to grasp objects. Given a choice, they will position them- 
selves on the top of the body of the host queen, either 
on the thorax or the abdomen. Deprived of the nest queen, 
they will then seize a virgin Tetramorium queen, or a 
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worker, or a pupa, or even a dead queen or worker. 
Stumper observed a case in which six to eight Teleuto- 
myrmex queens simultaneously grasped one Tetramorium 
queen, completely immobilizing her. The mode of feeding 
by the Teleutomyrmex is not known with certainty. The 
adults are evidently either fed by the host workers through 
direct regurgitation or else share in the liquid regurgitated 
to the host queen. In any case, they are almost completely 
inactive most of the time. They are also very delicate in 
constitution. When placed in an artificial nest they do not 
survive more than a day or two, even in the presence of 
the host workers. The Teleutomyrmex adults, especially the 
older queens, are highly attractive to the host workers, 
who lick them frequently. According to Gösswald, large 
numbers of unicellular glands are located just under the 
cuticle of the thorax, pedicel, and abdomen of the queens; 
these are associated with glandular hairs and are believed 
to be the source of a special attractant for the host workers. 
The abdomens of older Teleutomyrmex queens become 
swollen with fat body and ovarioles, as is shown in Figure 
19-1. This physogastry is made possible by the fact that 
the intersegmental membranes are thicker and more 
sclerotized than is usually the case in ant queens and can 
therefore be stretched more. Also, the abdominal sclerites 
themselves are widely overlapping in the virgin queen, so 
that the abdomen can be distended to an unusual degree 
before the sclerites are pulled apart. The ovarioles increase 
enormously in length, discard their initial orientation, and 
infiltrate the entire abdomen and even the postpetiolar 
cavity. 

From one to several physogastric queens are found in 
each parasitized nest, usually riding on the back of the 
host queen. Each lays an average of one egg every thirty 
seconds. The infested Tetramorium colonies are typically 
smaller than uninfested ones, but they still contain up to 
several thousand workers. The Tetramorium queens also 
lay eggs, although none seem capable of developing into 
sexual forms. Consequently the brood of a parasitized 
colony consists typically of eggs, larvae, and pupae of 
Teleutomyrmex queens and males mixed with those of 
Tetramorium workers. 

The bodies of the Teleutomyrmex queens bear the mark 
of extensive morphological degeneration correlated with 
their loss of social functions. The labial and postpharyn- 
geal glands are reduced, and the maxillary and meta- 
pleural glands are completely absent. The mandibular and 
tibial glands, on the other hand, are apparently normal. 
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The integument is thin and less pigmented and sculptured 
in comparison with that of Tetramorium; as a result of 
these reductions the queens are shining brown, an ap- 
pearance that contrasts with the opaque blackish brown 
of their hosts. The sting and poison apparatus are reduced; 
the mandibles are so degenerate that the parasites are 
probably unable to secure food on their own; the tibial- 
tarsal cleaning apparatus is underdeveloped; and, of even 
greater interest, the brain is reduced in size with visible 
degeneration in the associative centers. In the central 
nerve cord, ganglia 9-13 are fused into a single piece. The 
males are also degenerate. Their bodies, like those of the 
males of a few other extreme social parasites, are 
“pupoid,” meaning that the cuticle is thin and depig- 
mented, actually greyish in color; the petiole and post- 
petiole are thick and provided with broad articulating 
surfaces; and the abdomen is soft and deflected downward 
at the tip. 

In its essentials the life cycle of Teleutomyrmex 
schneideri resembles that of other known extreme ant 
parasites. Mating takes place within the host nest. The 
fecundated queens then either shed their wings and join 
the small force of egg layers within the home nest or else 
fly out in search of new Zetramorium nests to infest. It 
is probably an easy matter for a Teleutomyrmex queen 
to gain entrance to new nests. Stumper found that the 
queens could be transferred readily from one Tetramorium 
colony to another, provided the recipient colony origi- 
nated from the Saas-Fee. However, Tetramorium colonies 
from Luxembourg were hostile to the little parasites. Less 
surprisingly, ant species from the Saas-Fee other than 
Tetramorium caespitum always rejected the Teleuto- 
myrmex. 


The Kinds of Social Parasitism in Ants 


Social parasitism in ants is complicated, and its study 
has become virtually a little discipline of entomology in 
itself. The source of the complexity is first the large num- 
ber of ant species that have entered into some form of 
parasitic relationship with each other. Second, at least 
three major evolutionary routes lead, in a possibly reticu- 
late fashion, to the ultimate stage of permanent, worker- 
less parasitism. Finally, no two species are exactly alike 
in the details of their parasitic adaptation. Table 19-1 
contains a list of the known parasitic ants, together with 
certain essential data concerning each of them. With this 
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information readily at hand for constant reference, I wish 
now to present what is deliberately a rather didactic re- 
view of the entire subject, attempting to make it as orderly 
and clear as possible from the outset. 

Wasmann (1891) distinguished two classes of consocia- 
tions, or myrmecobioses as Stumper (1950) later dubbed 
them, that occur between different species of ants. These 
are the compound nests, in which the two or more species 
live very close to each other, in some cases even running 
their nest galleries together, but keep their brood sepa- 
rated; and the mixed colonies, in which the brood are 
mingled and cared for communally.* Compound nests are 
very common in nature. They reflect relationships that 
range, depending on the species involved, all the way from 
the accidental and trivial to total parasitism. Mixed colo- 
nies, on the other hand, almost always come about as a 
result of social parasitism. Forel (1898, 1901b) and 
Wheeler (1901, 1910) devoted a great deal of attention 
to compound nests and provided a useful classification of 
the underlying relationships, complete with a somewhat 
less useful set of Hellenistic terms to label the various 
categories. Let us examine this classification briefly. Then 
we will make more interesting use of it in tracing the 
evolution of parasitism and other forms of symbioses. 


Compound Nests 


Plesiobiosis. In this most rudimentary consociation, 
different ant species nest very close to each other, but 
engage in little or no direct communication—unless their 
nest chambers are accidentally broken open, in which 
case fighting and brood theft may ensue. The less similar 
the species are to each other morphologically and behav- 
iorally, the more likely they are to cluster together in an 
accidental, truly “plesiobiotic” relationship. Put the other 
way, closely related species of ants are the least likely to 
tolerate each other’s presence. 

Cleptobiosis. Some species of small ants build nests near 
those of larger species and either feed on refuse in the 
host kitchen middens or rob the host workers when they 
return home carrying food. R. C. Wroughton (quoted by 
Wheeler, 1910) has described a species of Crematogaster 
in India whose workers “lie in wait for Holcomyrmex, 
returning home, laden with grain, and by threats, rob her 


*Forel, in 1898, was actually the first to use the expression “social 
parasitism.” 


Chapter 19 352 Symbioses among Social Insects 


TABLE 19-1. The known parasitic ants, their hosts, their distribution, and their form of parasitism. 


Nearest related Form of 
Parasite Hosts free-living genus parasitism Range Authority 
Subfamily 
Myrmeciinae 
Myrmecia M. nigriceps, Myrmecia Inquilinism; Australia Douglas and Brown 
inquilina M. vindex workerless (1959); Haskins 
and Haskins (1964) 
Subfamily 
Pseudomyrmecinae 
Tetraponera T. anthracina Tetraponera Temporary West Africa Terron (1969) 
ledouxi 
Subfamily 
Myrmicinae 
Myrmica M. sabuleti Myrmica Inquilinism; Pyrénées- Bernard (1968) 
lemasnei worker caste Orientales, 
present France 
Myrmica M. sulcinodis Myrmica Inquilinism; Austria Bernard (1968) 
myrmecophila workerless 
Myrmica M. lobicornis Myrmica Inquilinism; Switzerland Kutter (1969) 
myrmecoxena workerless 
Sifolinia M. scabrinodis Pheidole (?) Inquilinism; USSR Kutter (1969) 
karavejevi workerless 
Sifolinia Myrmica sp. Pheidole (?) Inquilinism; Italy Emery (1921) 
laurae workerless 
Sifolinia M. rugulosa Pheidole (?) Inquilinism; Czechoslovakia Bernard (1968) 
pechi | workerless 
Sommimyrma M. laevinodis 2 Inquilinism; Italy Kutter (1969) 
symbiotica workerless 
Symbiomyrma Myrmica 1, Inquilinism; USSR Arnoldi (1930) 
karavajevi scabrinodis workerless 
Paramyrmica Myrmica Myrmica (M. Probably Texas Cole (1957) 
colax striolagaster striolagaster) temporary, with 
worker caste 
Manica M. bradleyi Manica Inquilinism; California Creighton (1950); 
parasitica workers present Wheeler and 
Wheeler (1968) 
Pogonomyrmex Pogonomyrmex Pogonomyrmex Inquilinism; New Mexico Cole (1968) 
anergismus rugosus workerless 
Aphaenogaster A. fulva Aphaenogaster Temporary Eastern US Creighton (1950) 
tennesseensis 
Eriopheidole Pheidole Pheidole Inquilinism; Argentina Kusnezov (195 1b) 
symbiotica obscurior workerless 
Epipheidole Pheidole Pheidole Inquilinism; Colorado to Creighton (1950) 
inquilina pilifera (P. pilifera) workers present Nebraska 
but scarce 
Sympheidole Pheidole ceres Pheidole Inquilinism; Colorado Creighton (1950) 
elecebra workerless 
Bruchomyrma Pheidole Pheidole Extreme Argentina Bruch (1931) 
acutidens nitidula inquilinism; 


workerless 


TABLE 19-1 (continued). 


Parasite 


Gallardomyrma 
argentina 


Anergatides 
kohli 


Anergates 
atratulus 


Teleutomyrmex 
schneideri 


Strongylognathus 
(afer, christophi, 
huberi, 
karawajewi, 
koreanus, 
kratochvili, 
rehbinderi, 
testaceus) 

Harpagoxenus 
americanus 


Harpagoxenus 
canadensis 
Harpagoxenus 
sublaevis 
Harpagoxenus 
zaisanicus 
Leptothorax: 
buschingeri, 
goesswaldi, 
kutteri 
Leptothorax 
ergatogyna 


Myrmoxenus 
gordiagini 


Epimyrma: 
algeriana, 
corsica, 
foreli, gösswaldi, 
kraussei, ravouxi, 
stumperi, tamarae, 
vandeli 


I III u 


Hosts 


Pheidole 
nitidula 


Pheidole 
megacephala 
melancholica 

Tetramorium 
caespitum; host 
queen 
eliminated 

Tetramorium 
caespitum 


Tetramorium 
caespitum 
and T. jacoti; 
host queen 
tolerated by 
S. testaceus 


Leptothorax 
longispinosus 
and L. 
curvispinosus 

Leptothorax 
canadensis 

Leptothorax 
acervorum 


Leptothorax sp. 


L. acervorum 


L. recedens 


Leptothorax 
serviculus 


Leptothorax 
spp.; queen 
allowed to 
live by some 
species, 
killed by 
others 
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Nearest related 
free-living genus 


Pheidole 


Tetramorium 


Leptothorax 


Leptothorax 
Leptothorax 
Leptothorax 


Leptothorax 
(L. acervorum) 


Leptothorax 


Leptothorax 


Leptothorax 
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Form of 
parasitism 


Extreme 
inquilinism; 
workerless 

Extreme 
inquilinism; 
workerless 

Extreme 
inquilinism; 
workerless 


Extreme 
inquilinism; 
workerless 

Degenerate 
dulosis (huberi) 
or inquilinism 
(testaceus) 


Dulosis 


Dulosis 
Dulosis 
Dulosis (?) 


Inquilinism; 
workerless 


Probably 
temporary 
parasitism or 
facultative 
inquilinism 

Dulosis (?); 
worker caste 
present 

Inquilinism; 
worker caste 
present in some 
species, absent 
in E. ravouxi 


Range 


Argentina 


Congo 


Europe, 
introduced 
into US 


Central Europe 


Temperate parts 
of Europe and 
Asia 


Eastern North 
America 


Eastern North 
America 
Europe 


Mongolia 


Switzerland 


France 


USSR (eastern 
Siberia) 


Europe 


Authority 
Bruch (1932) 


Wasmann (1915b); 
Emery (1922) 


Wheeler (1910); 
Creighton (1950) 


Stumper (1950); 
Kutter (1969) 


Wheeler (1910); 
Stumper (1950); 
Pisarski (1966); 
Kutter (1969) 


Wesson (1939); 
Creighton (1950) 


Creighton (1950) 
Buschinger (1966); 
Kutter (1969) 

Pisarski (1963) 


Kutter (1967, 1969) 


Bernard (1968) 


Ruzsky (1902) 


Kutter (1951, 1969); 
Bernard (1968); 
Cagniant (1968); 
Arnoldi (1968) 


TABLE 19-1 (continued). 


Nearest related Form of 
Parasite Hosts free-living genus parasitism Range Authority 
Leptothorax L. curvispinosus Leptothorax Dulosis Eastern US Wesson (1940b); 
duloticus and L. ambiguus Talbot (1957) 
Leptothorax Myrmica Leptothorax Xenobiosis North America Creighton (1950) 
provancheri brevinodis 
(= L. emersoni) 
Symmyrmica Manica mutica Leptothorax Xenobiosis or Utah Wheeler (1910) 
chamberlini inquilinism 
Chalepoxenus Leptothorax spp.; Leptothorax Inquilinism; Central Europe Kutter (1950b); 
gribodoi queen survives workers present Bernard (1968) 
Doronomyrmex Leptothorax Leptothorax Inquilinism; Switzerland Kutter (1945, 1969) 
pacis acervorum; workerless 
queens survive 
Formicoxenus Formica spp., esp. Leptothorax Xenobiosis Europe Stäger (1925); 
nitidulus nigricans, Stumper (1950) 
polyctena, and 
rufa 
Monomorium Monomorium Monomorium Inquilinism; North Africa Wheeler (1910); 
(= Wheeleriella) salomonis, host workerless Ettershank (1966) 
adulatrix, M. queen is 
ew) eliminated 
santschii 
Monomorium Monomorium Monomorium Inquilinism (?) India Forel (1910a); 
(= Wheeleriella) salomonis Ettershank (1966) 
wroughtoni 
Monomorium Monomorium Monomorium Inquilinism; Syria, Crete Wheeler (1910); 
(= Epixenus) (Xeromyrmex) workerless Ettershank (1966) 
andrei, M.(=E.) 
biroi, and M. 
(=E.) creticus 
Monomorium Monomorium Monomorium Inquilinism; Washington, D.C. Creighton (1950); 
(= Epoecus) minimum; host workerless Ettershank (1966) 
pergandei queen survives 
Monomorium Monomorium ? Xenobiosis (?); Spain, Algeria Wheeler (1910); 
(= Phacota) subnitidum worker caste Ettershank (1966) 
noualhieri present 
and M. (= P. .) 
sicheli 
Oxyepoecus: bruchi, Pheidolespp.and Solenopsis Apparently Argentina Kusnezov (1952); 
daguerri, minuta, Solenopsis spp. inquilinism; Ettershank (1966) 
inquilina worker caste 
present 
Monomorium Monomorium Monomorium Inquilinism; Southeastern US Wilson and Brown 
metoecus minimum (M. minimum) worker caste (1958a) 
present (may be 
only an aberrant 
form of the host 
species) 
Solenopsis Solenopsis Solenopsis Inquilinism; Argentina, Santschi (1930); 
(= Labauchena) saevissima workerless Uruguay Ettershank (1966) 


daguerrei 
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TABLE 19-1 (continued ). 


Nearest related Form of 
Parasite Hosts free-living genus parasitism Range Authority 
Solenopsis Solenopsis Solenopsis Inquilinism; Argentina Borgmeier (1949); 
(= Labauchena) saevissima and workerless Kusnezov (1957b); 
acuminata S. clytemnestra Ettershank (1966) 
Solenopsis Solenopsis Solenopsis Inquilinism; Argentina Kusnezov (1954, 
(= Paranamyrma) ?clytemnestra workerless 1957b); Ettershank 
solenopsidis (1966) 
Megalomyrmex Sericomyrmex Megalomyrmex . Xenobiosis Panama (Central Wheeler (1925) 
symmetochus amabilis America) 
Megalomyrmex Cyphomyrmex Megalomyrmex Xenobiosis South America Weber (1940) 
wheeleri costatus 
Pseudoatta Acromyrmex Acromyrmex (?) Inquilinism; Argentina Gallardo (1916b); 
argentina lundi workerless Kusnezov (1954); 
Weber (personal 
communication) 
Hagioxenus mayri Pheidole latinoda Monomorium Inquilinism India Ettershank (1966) 
Hagioxenus schmitzi Tapinoma Monomorium Inquilinism; Israel Wheeler (1919b); 
erraticum worker caste Ettershenk (1966) 
absent 
Xenometra Cardiocondyla Cardiocondyla Inquilinism; St. Thomas, Wheeler (1910) 
monilicornis emeryi workerless West Indies 
Xenometra gallica Cardiocondyla Cardiocondyla Inquilinism; France Bernard (1968) 
elegans workerless 
Crematogaster C. lineolata; host Crematogaster Inquilinism; Eastern US Wheeler (1933b); 
creightoni and queen survives workerless Creighton 
C. kennedyi (1950) 
Crematogaster C. sumichrasti Crematogaster Inquilinism; Guatemala Wheeler (1936b) 
atitlanica workerless 
Kyidris media, Strumigenys ? Inquilinism; New Guinea Wilson and Brown 
K. yaleogyna loriae; host workerless (1956) 
queens survive 
Strumigenys Strumigenys Strumigenys Inquilinism; Victoria, Australia Brown (1955c) 
xenos perplexa; host (S. perplexa) workerless 
queens survive 
Subfamily 
Dolichoderinae 
Bothriomyrmex: Tapinoma spp.; Tapinoma Temporary, Old World Santschi (1906); 
about 10 spp. host queen during colony Wheeler (1910); 
killed formation Emery (1925); 
Bernard (1968) 
Subfamily 
Formicinae 
Anoplolepis A. custodiens Anoplolepis Inquilinism; South Africa Santschi (1917) 
nuptialis workerless 
Plagiolepis grassei P. pygmaea; host Plagiolepis Inquilinism; Pyrénées-Orientales, Le Masne (1956b) 
queen survives (P. pygmaea) worker caste France 
rare 
Plagiolepis P. pygmaea; host Plagiolepis Inquilinism; Hungary to Le Masne (1956b); 
xene queen survives (P. pygmaea) workerless Pyrénées- Passera (1964) 


Orientales 


TABLE 19-1 (continued). 


Parasite 


Aporomyrmex 
ampeloni 


Aporomyrmex regis 


Camponotus 
universitatis 


Lasius 
(Chthonolasius): 
11 species 

Lasius 
(Austrolasius) 
reginae 

Lasius 
(Dendrolasius): 
5 species 

Acanthomyops 
latipes, 

A. murphyi 

Formica (F.) 
“rufa group,” 
some but not 
all of the 
species, namely: 
aquilonia, 
lugubris, 
pratensis, rufa, 
truncorum, and 
uralensis in 
Europe; 
dakotensis and 
reflexa in 
North America. 

Formica 
(Coptoformica), 
also called 
the “exsecta 
group” of 
subgenus 
Formica: bruni, 
exsecta, foreli, 
forsslundi, 
goesswaldi, 
naefi, 
pressilabris, and 
suecica in 
Europe; 
exsectoides, 
opaciventris, and 
ulkei in North 
America. 


m O l CP 


f 


| 


Hosts 


Plagiolepis 
vindobonensis; 
host queen 
survives 


` Plagiolepis sp. 


C. aethiops 


Lasius (L.) spp.; 
host queen 
eliminated 


Lasius alienus; 
host queen 
killed 

Lasius spp.; host 
queen 
eliminated 

Lasius (L.) spp. 


Formica fusca 
grp. (“subg. 
Serviformica”) 
and Formica 
(Neoformica); 
host queen 
does not persist 


Formica fusca 
l (4 
group; host ~ 


/ queen does not N 


persist 
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Nearest related 
free-living genus 


Plagiolepis 


Plagiolepis 


Camponotus 


Lasius 


Lasius 


Lasius 


Lasius 


Formica 


Formica 
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Form of 
parasitism 


Inquilinism; 
workerless 


Inquilinism; 
workerless 
Inquilinism (?); 
worker caste 

present 


Temporary, 
during colony 
foundation 


Temporary, 
during colony 
foundation 

Temporary, 
during colony 
foundation 

Temporary, 
during colony 
foundation 

Temporary, 
during colony 
foundation; 
one species 
(reflexa) 
apparently 


permanent, with 


workers 


Temporary, 
during colony 
foundation 


Range 


Austria 


Daghestan, USSR 


France, 
Switzerland 


Europe, Asia, 
North America 


Austria 


Europe, 
Asia 


North America 


Europe, 
North America 


Europe, 
North America 


Authority 
Faber (1969) 


Faber (1969) 


Bernard (1968); 
Kutter (1969) 


Wilson (1955a); 
Cole (1956); 
Kutter (1969) 

Faber (1967) 


Wilson (1955a); 
Yamauchi and 
Hayashida (1968) 

Wing (1968) 


Wheeler (1910); 
Creighton (1950); 
Gésswald (1957); 
Bernard (1968); 
Kutter (1969) 


Wheeler (1910); 
Creighton (1950); 
Bernard (1968); 
Kutter (1969) 
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Nearest related 
Parasite Hosts 


free-living genus 
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Formica (F.) F. fusca group Formica 
microgyna spp. 
group: 14 
species 
Formica 
(Raptiformica), 
also called 
the “sanguinea 
group” of 
subgenus 
Formica: 2 spp. 
in Europe and 
Asia and about 
10 spp. in North 
America 
Polyergus 
lucidus, P. 
rufescens, 
P. samurai 
Rossomyrmex 
proformicarum 


Formica spp. Formica 


Formica spp. Formica 


Proformica nasuta Formica 


Form of 
parasitism Range Authority 
Temporary; North America Wheeler (1910); 
host queen Creighton (1950) 
does not 
persist 
Dulosis Europe, Asia, Creighton (1950); 
North America Bernard (1968); 
Buren (1968a); 
Kutter (1969) 
Dulosis Europe, Asia, Wheeler (1910); 
North America Creighton (1950); 
Bernard (1968) 
Dulosis Trans-Caucasus, Arnoldi (1932) 


USSR 


of her load, on her own private road and this manoeuvre 
was executed, not by stray individuals, but by a consid- 
erable portion of the whole community.” Workers of 
Conomyrma pyramica in the southern United States collect 
dead insects discarded by colonies of Pogonomyrmex, 
including corpses of the Pogonomyrmex themselves. My 
impression in the field has been that some Conomyrma 
colonies obtain a large part of their food in this way, to 
the point of preventing kitchen middens from building up 
near the Pogonomyrmex nests. 

Lestobiosis. Certain small species, most belonging to 
Solenopsis and related genera, stay in the walls of large 
nests built by other ants or termites and enter the nest 
chambers of their hosts to steal food and prey on the 
inhabitants. For example, colonies of the “thief ants” of 
the subgenus Solenopsis (Diplorhoptrum), including espe- 
cially S. fugax of Europe and S. molesta of the United 
States, often nest next to larger ant species, stealthily enter 
their chambers, and prey on their brood. Species of 
Carebara in Africa and tropical Asia frequently construct 
their nests in the walls of termite mounds and are believed 
to prey on the inhabitants. A very good and still largely 


up-to-date review of lestobiosis can be found in an article 
on ant-termite relations written by Wheeler in 1936. 

Parabiosis. In this peculiar form of symbiosis, two or 
more species use the same nest and sometimes even the 
same odor trails, but they keep their brood separate. The 
situation is closely similar to the mixed foraging flocks of 
birds so prevalent in tropical forests (Moynihan, 1962). 

Xenobiosis. This symbiotic state falls just short of a truly 
mixed colony. One species lives in the walls or chambers 
of the nests of the other and moves freely among its hosts, 
obtaining food from them by one means or another, 
usually by soliciting regurgitation. The brood is still kept 
separate. 


Mixed Colonies 


The following phenomena are vital in the later stages 
of parasitic evolution. In a sense they form categories 
comparable to those just cited for compound nests, al- 
though they are less than ideal because they are not 
mutually exclusive. Nevertheless, I favor continuing to 
distinguish them on the grounds that the associated ter- 
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minology is the familiar one in literature dating back over 
the past seventy years and, more importantly, the classi- 
fication can still be relied upon to serve as an adequate 
guide through the complex relationships as we understand 
them. 

Temporary social parasitism. This symbiosis was first 
clearly recognized by Wheeler (1904) as a result of his 
studies of the life cycle of members of the Formica micro- 
gyna group, especially F. difficilis. It has since been dis- 
covered in a diversity of genera belonging to several 
subfamilies. The newly fecundated queen finds a host 
colony and secures adoption, either by forcibly subduing 
the workers or by conciliating them in some fashion. The 
original host queen is then assassinated by the intruder 
or by her own workers, who somehow come to favor the 
parasite. With the development of the first parasite brood, 
the worker force soon becomes a mixture of host and 
parasite species. Finally, since the host queen is no longer 
present to replenish them, the host workers die out, and 
the colony comes to consist entirely of the parasite queen 
and her offspring. 

Dulosis (slavery). Certain ant species have become 
dependent on workers of other species which they keep 
as slaves. The slave raids are dramatic affairs in which 
the slave-making workers go out in columns, penetrate the 
nests of colonies belonging to other, related species, and 
bring back pupae to their own nests. The pupae are al- 
lowed to eclose, and the workers become fully functional 
members of the colony. The workers of most slave-making 
species seldom if ever join in the ordinary chores of for- 
aging, nest building, and rearing of the brood, all of which 
are left to the slaves. 

Inquilinism (“permanent parasitism”). In this final, de- 
generate stage, the parasitic species spends its entire life 
cycle in the nests of the host species. Workers may be 
present, but they are usually scarce and display atrophied 
behaviors. In many of these species, as for example in 
Teleutomyrmex schneideri, the worker caste has been lost 
altogether. I am suggesting here the use of the term in- 
quilinism in preference to the somewhat more familiar 
expression “permanent parasitism” since obligatorily 
dulotic species are also permanent parasites. Inquilinism 
and dulosis, on the other hand, form exclusive categories; 
they are meant to be the streamlined equivalents of 
Kutter’s (1969) “permanent parasitism without dulosis” 
and “permanent parasitism with dulosis.” 
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The Occurrence of Social Parasitism 
Throughout the Ants 


A rich variety of new parasitic species, representing 
almost every conceivable evolutionary stage, have been 
added since the time of Wheeler’s classic synthesis in 1910. 
They continue to be discovered at such a consistently high 
rate as to suggest that, at this moment, only a small frac- 
tion of the total world fauna of social parasites is known. 
The reason for the slow uncovering of the world fauna 
seems clear: parasitic species tend to be both rare and 
locally distributed. As a rule, moreover, the more ad- 
vanced the stage of parasitism, the rarer the species. Thus, 
we find (Table 19-1) that temporary social parasites, such 
as members of the Formica exsecta and Lasius umbratus 
groups, are often nearly as widely distributed as their 
free-living congeners, and a few of the species are also 
very abundant. Species in which dulosis is weakly devel- 
oped or even facultative, as, for example, the repre- 
sentatives of the Formica sanguinea group, are also rela- 
tively abundant and widespread. On the other hand, 
extreme dulotic species, such as the members of Strongy- 
lognathus, Polyergus, and Rossomyrmex, exist in more 
restricted, sparser populations. Finally, the extreme 
workerless parasites are, as a rule, both very rare and very 
locally distributed. Anergates atratulus comes closest to 
being an exception. It has been collected over a wide area 
from southern France to Germany, and it has even been 
accidentally introduced into the United States with its host 
Tetramorium caespitum. Yet everywhere within this range 
it is still a comparatively rare ant. The great majority of 
other workerless parasites have been found at only one 
or two localities and are extremely difficult to locate, even 
when a deliberate search is made for them in the exact 
spots where they were first discovered. Usually they give 
the impression, quite possibly false, of having no more 
than a toehold on their host populations and of existing 
close to the edge of extinction. 

Most of the known parasitic species have been recorded 
exclusively from the temperate areas of North America, 
Europe, and South America. Almost certainly this reflects 
at least in part the strong bias of ant collectors, most of 
whom reside in these areas and devote a large part of their 
lives to a meticulous examination of local faunas. Switzer- 
land, for example, is the present “capital” of parasitic ants 
for the simple reason that both Auguste Forel and Hein- 
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rich Kutter lived there. The United States has benefited 
similarly from the efforts of W. M. Wheeler, W. S. 
Creighton, and other gifted resident collectors, while the 
rich trove of species uncovered in Argentina has been due 
to three men who spent a large part or all of their lives 
in the country—Carlos Bruch, Angel Gallardo, and Ni- 
colas Kusnezov. I believe that as the huge and still little- 
known tropical ant faunas are more carefully worked 
(there are no resident myrmecologists on the Amazon!), 
many more parasitic species will come to light. Some 
extraordinary forms are already known from tropical 
regions, particularly the extreme workerless Anergatides 
kohli from the Congo and the strange postxenobiotic 
Kyidris parasites from New Guinea. Wheeler (1925) 
pointed out that females of the numerous species of Cre- 
matogaster belonging to the subgenera Atopogyne and 
Oxygyne, groups widely distributed in Africa, Madagas- 
car, and tropical Asia, have all of the morphological char- 
acteristics of northern ants known to be temporary para- 
sites in that they tend to be small and shining and to 
possess falcate or very oblique mandibles and large post- 
petioles which are attached broadly to the gasters. The 
last of these characteristics is usually associated with 
physogastry, also a common but not diagnostic feature of 
social parasitism. Emery (1899) has recorded a highly 
physogastric nest queen of C. (Oxygyne) ranavalonae from 
Madagascar. At least two species of the Neotropical doli- 
choderine genus Azteca (aurita and fiebrigi) possess some 
of these traits. The species of Rhoptromyrmex, found in 
South Africa, Asia, New Guinea, and Australia also pos- 
sess them (Brown, 1964b). A special study of such species, 
and any others that can be found to possess various of 
the “temporary parasite syndrome” of characters, might 
prove very rewarding to future students of tropical 
myrmecology. | 

Even so, the vast differences in quality of sampling from 
the major parts of the world render the matter inconclu- 
sive, and there remains the possibility that life in certain 
climates and environments actually does predispose ant 
species toward parasitism. It is true, for example, that a 
disproportionate number of parasitic species, especially 
the complete inquilines, occur in mountainous and arid 
regions. I have already mentioned the extraordinary di- 
versity of parasites found in the little forest of the Saas- 
Fee. Among numerous other examples that can be cited 
are the montane species Epipheidole inquilina, Sym- 
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pheidole elecebra, Manica parasitica, Paramyrmica colax, 
and Pogonomyrmex anergismus, which together make up 
a majority of the known inquiline fauna of North Amer- 
ica. Temporary social parasites, along with species that can 
be tentatively placed in this category by virtue of their 
morphology, are far more abundant in the colder portions 
of Europe and North America than in the warm temperate 
and subtropical portions, even though the faunas of the 
two climatic zones are otherwise not radically different. 
Similarly, dulosis is a common phenomenon in the colder 
parts of Europe and Asia but rare in the warmer parts; 
and not a single example has ever been reported from 
the tropical or south temperate zones. 

It is conceivable that cooler temperatures facilitate the 
introduction of parasitic queens in the early evolution of 
the phenomenon by dulling the responses of the host 
colonies. I have found, in general, that if ant colonies are 
first chilled in the laboratory they more likely to adopt 
queens of their own species which they would otherwise 
attack and destroy. In nature parasite queens need not 
wait for winter to utilize this effect. Some degree of chill- 
ing, say to 10° or 15°C, occurs commonly during the cool 
summer nights in mountainous regions, right in the middle 
of the season of nuptial flights. It should prove instructive 
to study the effects of various degrees of cooling of poten- 
tial host colonies on the success of introduction of queens 
belonging to species at any early stage of inquilinism, such 
as members of Epimyrma and the Leptothorax goesswaldi 
group. Useful information might also be obtained from 
an analysis of the behavioral effects of cooling on ant 
groups that most commonly serve as hosts, such as the 
genera Leptothorax and Formica, as opposed to those that 
are relatively immune to social parasitism, such as the 
genus Camponotus. 

Whatever the true geographical distribution of social 
parasitism and its behavioral significance—matters that 
will be fully clarified only by years of additional field 
work—there can be no question that the phylogenetic 
distribution of the phenomenon is very patchy. The more 
advanced forms of parasitism, namely dulosis and in- 
quilinism, are almost wholly limited to the subfamilies 
Myrmicinae and Formicinae and are furthermore heavily 
concentrated in certain genera, including Pheidole, 
Myrmica, Leptothorax, Tetramorium, Plagiolepis, Lasius, 
and Formica, and in the satellite parasitic genera derived 
from them. A single inquiline (Myrmecia inquilina) has 
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been described from the primitive subfamily Myrmeci- 
inae. In view of the relatively small number of species 
known in the Myrmeciinae (about 120) and the relatively 
small amount of field study devoted to it to date, para- 
sitism in this group may eventually be found to occur at 
about the same level of frequency as in the Myrmicinae 
and Formicinae. The only parasites known with certainty 
among the Dolichoderinae, on the other hand, are the 
temporarily parasitic species of Bothriomyrmex. This rel- 
ative immunity is puzzling since the dolichoderines are 
a relatively large, numerically abundant group of ad- 
vanced phylogenetic rank. Perhaps the explanation lies 
in the fact that very few dolichoderine species range into 
the cooler portions of the North Temperate Zone where 
parasitic species are most likely to evolve. Yet it is also 
true that a rich dolichoderine fauna exists in subtropical 
and temperate Argentina, where many myrmicine para- 
sites have been discovered. No parasitic species of any 
kind are yet known in the Ponerinae, Cerapachyinae, and 
Dorylinae. One can speculate almost endlessly on why this 
is the case. For example, the Ponerinae are primitive (but 
so are the Myrmeciinae, and in any case many ponerine 
species form large colonies with advanced social traits). 
The Dorylinae engage in frequent nest changes (but many 
parasitic beetles, millipedes, wasps, and other arthropods 
emigrate with them along their odor trails). I can see no 
clear correlations between the frequency of social para- 
sitism and geographical distribution, ecology, or social 
organization that would explain why social parasitism 
appears to be common in certain major groups of ants 
and very rare or wholly absent in others. It is even possible 
that explanations will have to be sought in the evolu- 
tionary mechanism itself, as, for example, in the rate of 
speciation, a point which I will take up shortly in the larger 
context of a discussion of evolutionary theory. 


The Evolution of Social Parasitism in Ants 


In 1909 Carlo Emery formulated what is perhaps the 
single most important generalization concerning social 
parasitism: “The dulotic ants and the parasitic ants, both 
temporary and permanent, generally originate from the 
closely related forms that serve them as hosts.” What he 
meant, of course, was that the parasitic species tend to 
resemble their host species more closely than any other 
free-living form. “Emery’s rule,” as it has been called (Le 
Masne, 1956b), has continued to hold well for the true 
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inquilines. Taxonomists have stressed that certain of the 
parasites—for example, Paramyrmica colax, Epipheidole 
inquilina, Leptothorax buschingeri, and Strumigenys 
xenos—really are morphologically more similar to their 
hosts than to any other known species. At first glance, this 
relation seems to create a paradox: how can a species 
generate its own parasite? It might be possible if sympatric 
speciation occurred, during which certain homogamous 
mutants or recombinants arise in sufficient number at the 
same place and time to segregate a distinct breeding 
population. But current opinion holds that such an event 
is extremely unlikely (Mayr, 1963). As long ago as 1919 
Wheeler experienced difficulty in even conceiving of a 
mechanism by which it could occur. I have diagramed 
another and far likelier alternative in Figure 19-2. In what 
is generally regarded as the prevalent sequence of specia- 
tion, a single “parental” species can be divided into two 
“daughter” species by, first, fragmentation due to geo- 
graphic barriers and, second, genetic divergence of the 
populations thus isolated geographically until they acquire 
intrinsic isolating mechanisms. If and when the newly 
formed species reinvade one another’s ranges, the isolating 
mechanisms prevent them from interbreeding. And if, in 
addition, one of the species then becomes specialized as 
a parasite on the other, the condition of Emery’s rule is 
fulfilled. This model suggests that, all other circumstances 
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FIGURE 19-2. The means by which a species can originate 
by geographic speciation and come to live as a social parasite 
with its closest living relative, in accord with Emery’s rule. 
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FIGURE 19-3. Hypothesized evolutionary pathways of social 
parasitism in ants. 


being equal, the frequency of parasitism within a given 
genus should increase as a function of the rate of specia- 
tion. A corollary is that the more taxonomically “difficult” 
the genus, in other words, the larger the percentage of 
newly formed, indistinctly defined species in it, the higher 
should be the percentage of parasitism. This prediction 
does indeed seem to be met by such genera as Pheidole, 
Leptothorax, Plagiolepis, Lasius, and Formica, although 
the correlation through all ant groups taken together is 
far from perfect. But at least it is clear that the speciation 
rate is one additional factor that must be considered in 
future evolutionary analyses of the subject. 

Many exceptions to Emery’s rule exist. The most nota- 
ble ones fall into the special categories of xenobiosis and 
parabiosis, in which the parasitic species typically belongs 
to a different genus and sometimes even to a different 
subfamily. The explanation for these two classes of ex- 
ceptions is simple enough. When members of different 
genera associate at all, they are not likely to combine their 
brood, for they tend to be very different in biology and 
mutually incompatible. Any association achieved will be 
of a more tenuous sort, involving grooming, food ex- 
change, trail sharing, or combinations of these relations— 
xenobiosis and parabiosis. The more closely related the 
two species, the more likely they are to enter into the more 
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intimate forms of parasitism, producing the effect that is 
generalized in Emery’s rule. 

How do different ant species come together in symbiosis 
in the first place? The evolutionary schema presented in 
Figure 19-3 is a modern extension of one evolved in a 
long sequence of contributions by Wheeler (1904, 1910), 
Emery (1909), Escherich (1917), Stumper (1950), and 
Dobrzanski (1965). It differs from earlier arrangements in 
one principal feature: from the new information concern- 
ing the Kyidris parasites I have added xenobiosis as a 
possible alternate route to complete inquilinism. The 
single most important idea embodied in this diagram is 
that inquilinism is a convergent phenomenon, reached 
independently by many different species following one or 
the other of at least three available pathways in evolution. 
Also, complete inquilinism is viewed as an evolutionary 
sink; a return to free life or even to a partially parasitic 
existence by reversed evolution seems impossible. For 
convenience I have arranged known cases of social para- 
sitism according to these hypothesized sequences. 


The Temporary Parasitism Route 


The earliest stages of temporary parasitism are dis- 
played by members of the Formica rufa group (Gésswald, 
195la,c; Kutter, 1913, 1969). Several of the members, 
F. lugubris, F. polyctena, and F. pratensis, form colonies with 
multiple queens. New colonies are usually created by 
budding, or “hesmosis” as it has occasionally been called. 
Following the nuptial flights the newly fecundated queen 
normally returns to the home nest, and at some later date 
she may move to a new site nearby with a group of 
workers. The new unit thus created is a colony only in 
the purely spatial sense because it may exchange workers 
with the mother nest for an indefinite time afterward. 
Multiplication by budding creates the pattern, so charac- 
teristic of these species of Formica, of dense aggregations 
of interconnecting nests that dominate local areas. Occa- 
sionally young queens do not find their way back to a nest 
of their own species. They may then seek adoption in a 
colony of the Formica fusca group. Whenever one of them 
succeeds in penetrating such an alien nest, the host queen 
is somehow eliminated; the intruder takes over the role 
of egg laying exclusively, and eventually the host workers 
die off. The final result is that the colony consists entirely 
of the intruder and her offspring. Such temporary para- 
sitism is regarded as a secondary mode of colony founding 
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for these ants since mixed host-parasite colonies are rarely 
encountered in nature. 

However, a closely related species, F. rufa, has taken 
the step of founding its colonies predominantly by tem- 
porary parasitism, relying on budding in only a minority 
of instances. Its host species in Europe include F. fusca 
and F. lemani. The rufa queen is still a rather inept para- 
site. On approaching the host colony she does not hide, 
play dead, conciliate, or display any of the other dissem- 
bling tricks ordinarily used by parasitic queens; instead, 
she plunges right into the nest. Such intrusions frequently 
result in the death of the queen at the hands of hostile 
host workers, but enough attempts succeed to maintain 
F. rufa as one of the more abundant and widespread ant 
species of Europe. 

Most European students of Formica, starting with 
Emery (1909), have argued that loss of the ability to found 
nests in the usual claustral manner, with the resulting 
dependence on adoption and budding, preadapts mem- 
bers of the rufa group to temporary parasitism on other 
species. Also, the fact that F. rufa itself is monogynous 
(its colonies each tolerate only one egg-laying queen) 
predisposes this species even further to incursions on other 
species. 

The species of the exsecta group of Formica (collectively 
referred to by European writers as the “subgenus Copto- 
formica”) have a life cycle very similar to that of the rufa 
group species, except that the queens have become more 
skillful at penetrating host colonies (Kutter, 1956, 1957). 
The European species of F. exsecta, for example, depend 
chiefly on homospecific adoption and budding, but a few 
queens seek colonies of the fusca group of species (called 
the “subgenus Serviformica”). The exsecta queens stalk 
the host colonies and either enter the nests by stealth or 
else permit themselves to be carried in by host workers. 
The exsecta queens are smaller and shinier than those of 
most members of the rufa group, and they seem to be 
treated with less hostility by the host workers. This is also 
the case for F. pressilabris, a second member of the exsecta 
group found in Europe. Queens approached by host 
workers lie down and “play dead” by pulling their ap- 
pendages into the body in the pupal posture. In this 
position they are picked up by the host workers and 
carried down into the nests without any outward show of 
hostility. Later they somehow manage to eliminate the 
host queen and take over the reproductive role. Similar 
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life histories have been described for the North American 
species of the exsecta group (Wheeler, 1906; Creighton, 
1950; Scherba, 1958, 1961) and have been postulated on 
the basis of limited laboratory experiments to characterize 
members of the North American microgyna group 
(Wheeler, 1910). 

Further subtleties have been developed by the related 
genus Lasius. Apparently all of the species of the sub- 
genera Austrolasius, Chthonolasius, and Dendrolasius are 
temporary parasites on members of the subgenus Lasius. 
This relationship is obligatory, not optional as in the rufa 
and exsecta groups of Formica. The colonies are monogy- 
nous for the most part, and homospecific adoption is not 
practiced. When newly mated queens of L. umbratus are 
searching for a host colony, they first seize a worker in 
their mandibles, kill it, and run around with it for a while 
before attempting to penetrate the nest (K. Hölldobler, 
1953). Apparently all of the parasitic Lasius get rid of the 
host queens, but the exact means employed are still un- 
known in most cases. The queens of L. reginae, a species 
recently discovered in Austria by Faber (1967), eliminate 
their rivals by rolling them over and throttling them 
(Figure 19-4). 

Assassination is also the technique employed by the 
queens of the dolichoderine species Bothriomyrmex de- 
capitans and B. regicidus in gaining control of colonies of 
Tapinoma (Santschi, 1906, 1920). These temporary para- 
sites occur in the deserts of North Africa. After the nuptial 
flight, the Bothriomyrmex queen sheds her wings and 
searches over the ground until she finds a Tapinoma nest. 
She allows herself to be accosted by the aroused Tapinoma 


FIGURE 19-4. A newly mated queen of the temporary social 
parasite Lasius reginae has entered a nest of the host species 
Lasius alienus and is strangling the queen (from Faber, 1967). 
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workers and dragged by them into the interior of their 
nest. There she takes refuge among the brood or on the 
back of the Tapinoma queen. In time, she settles down 
for good on the back of the host queen and begins the 
one act for which she is uniquely specialized: slowly cut- 
ting off the head of her victim. When this is accomplished, 
sometimes only after many hours, the Bothriomyrmex 
takes over as the sole reproductive, and the colony even- 
tually comes to consist entirely of her offspring and her- 
self. A similar mode of entry into host nests is employed 
by the myrmicine Monomorium (= Wheeleriella) santschii, 
also a native of North Africa and a permanent workerless 
parasite of Monomorium salomonis. In this case, however, 
it is the salomonis workers who destroy their own queen. 
They then adopt the santschii queen as the sole repro- 
ductive in her place (F. Santschi, in Forel, 1906). 

The evolutionary transition from temporary parasitism 
of the Bothriomyrmex type to inquilinism of the Mono- 
morium santschii type is not a difficult step to imagine. 
It is, however, the species of the genus Epimyrma that 
display most convincingly the early stages of inquilinism 
following its evolutionary origin from temporary para- 
sitism (Gösswald, 1933, 1934; Kutter, 1951, 1969). In at 
least five of the eight known species, a worker caste still 
exists, but it is relatively scarce and rather similar mor- 
phologically to the queen, although still a discrete apter- 
ous phase. It apparently never aids the host workers in 
foraging, nest labor, or brood care. All of the species of 
Epimyrma are parasitic on Leptothorax. The queen mates 
in her home nest, then leaves the nest, sheds her wings, 
and searches for a new host colony. The mode of entry 
and subsequent behavior vary greatly among the various 
species. The queen of the French species E. vandeli, upon 
approaching a Leptothorax unifasciata colony, makes 
repeated hostile approaches to the host workers and “in- 
timidates” them, to use Kutter’s expression. If she suc- 
ceeds in entering the nest, she kills the host queen and 
secures complete adoption by the rest of the colony. The 
queen of E. goesswaldi, on the other hand, calms the host 
workers (L. unifasciata in Germany) by stroking them with 
her antennae and lower mouthparts. Once inside the nest, 
she mounts the host queen from the rear, seizes her 
around the neck with her saber-shaped mandibles, and 
kills her. E. stumperi, studied in Switzerland by Kutter, 
uses still another variation to enter the nests of its host, 
L. tuberum. The queen first stalks the host colony with 
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slow, deliberate movements. When approached by the 
Leptothorax workers, she “freezes,” crouches down, and 
seems to feign death. After a time she begins to mount 
the workers from the rear, strokes their bodies with her 
foreleg combs, and grooms herself, perhaps thereby pass- 
ing nest odors back and forth. With this display of sophis- 
tication in evidence, it is not surprising to find that queens 
of E. stumperi are able to penetrate host colonies more 
quickly than the other Epimyrma species so far studied. 
Once inside the nest, the E. stumperi queen begins an 
implacable round of assassination directed at the host 
queens, of which there are usually at least several in the 
L. tuberum colonies. She mounts each queen in turn, 
forces her to roll over, then seizes her by the throat with 
her mandibles. The sharp tips of the mandibles pierce the 
soft intersegmental membrane of the neck of the victim. 
The Epimyrma maintains her grip for hours or even days, 
until the Leptothorax queen finally dies. Then she moves 
on to the next queen, and this is repeated until none are 
left. It is a matter of more than ordinary interest that the 
E. stumperi workers also occasionally mount Leptothorax 
workers and go through an ineffectual rehearsal of the 
assassination behavior, but without harming their “vic- 
tims” and with no visible benefit to the parasites. This 
seems best interpreted as a partial transfer of the queen’s 
behavioral pattern to the vestigial worker caste where it 
has neither positive nor harmful effects. 

But why does the Epimyrma queen go to all this trouble? 
Since the species have already entered a permanently 
inquiline state, with total dependence on the host workers, 
it would seem an error to exterminate the host queens, 
which are, after all, the source of the labor force. However, 
the Epimyrma habit of reginicide cannot be written off 
simply as an unfortunate vestige from an earlier time 
when the Epimyrma ancestors were temporary parasites. 
It turns out that, when deprived of their own queens, some 
of the Leptothorax workers begin laying eggs, even in the 
presence of the Epimyrma queen. These develop into 
workers and thus ensure an indefinite continuation of the 
worker force. Even so, there is one species, E. ravouxi, 
a parasite of L. unifasciatus, which has taken the final step 
of permitting the host queens to live. E. ravouxi, in other 
words, has moved on into advanced inquilinism, and in 
this respect it is indistinguishable from other inquiline 
species whose probable evolutionary history is not nearly 
so well displayed. 
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The Dulosis Route 


Slavery in ants, particularly as practiced by Polyergus 
rufescens and the species of the Formica sanguinea group, 
has been a favorite subject of myrmecologists in Europe 
and the United States ever since it was first described by 
Pierre Huber in 1810. Darwin was fascinated by the phe- 
nomenon, and in his book On the Origin of Species he 
offered the first hypothesis of how it originated in evolu- 
tion. The ancestral Formica, he proposed, began by raid- 
ing other species of ants in order to obtain their pupae 
for food. Some of the pupae survived in the storage 
chambers long enough to eclose as workers, whereupon 
they were accepted by their captors as nestmates. This 
fortuitous addition to the work force helped the colony 
as a whole, and consequently there was an increasing 
tendency, propelled by natural selection, to raid other 
colonies solely for the purpose of obtaining slaves. If 
Darwin’s explanation seems at first a bit farfetched, it is 
only commensurate with the phenomenon itself. Several 
authors, most notably Erich Wasmann (1905), rejected 
Darwin’s hypothesis on various grounds, chiefly a priori 
in nature. But the years have brought an increasing 
amount of confirmation through the discovery of species 
whose behavior collectively bridges the gap between 
predator and slave-maker in ever shorter, more plausible 
steps. 

It is a commonplace observation that some ant species 
are much more territorial than others. The colonies of a 
few of the most aggressive ones go so far as to extirpate 
rival species from local areas by attacking their nests and 
raiding their brood. Behavior of this kind has been re- 
corded not only in the Cerapachyinae and many Dory- 
linae, which specialize in preying on other ant species, but 
also in a diversity of higher ant genera, including Sole- 
nopsis, Pheidole, Iridomyrmex, and Anoplolepis, who use 
predation as an auxiliary technique in territorial aggres- 
sion. More to the point of our evolutionary reconstruction, 
such behavior is well marked in a few species of Formica. 
Scherba (1964b) found that in Wyoming the dense, po- 
lydomous colonies of F. opaciventris, a member of the 
exsecta group, commonly oust colonies of F. fusca from 
their nest sites by laying siege to them and robbing larvae 
and pupae when they get the chance. When Kutter (1957) 
placed colonies of F. naefi, also a member of the exsecta 
group, near colonies of species belonging to the fusca 
group, the naefi attacked their neighbors, penetrated their 
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nest, and carried away both the brood and the adult 
workers. Kutter is unsure whether such behavior occurs 
in nature, but he has noted that all larger naefi colonies 
observed in the field contain a few fusca-group workers. 
It seems reasonable to suggest that naefi represents the 
first, truly dulotic stage envisioned in Darwin’s hypothesis. 

It is also possible that the phenomenon described by 
Kutter occurs in other ants, or at least in other Formica. 
King and Sallee (1957, 1962) have reported the puzzling 
existence of natural mixed colonies of Formica clivia and 
F. fossaceps that persisted over a period of up to 16 years 
in Iowa. Both workers and sexuals of the two forms were 
produced in the nests. King and Sallee considered the 
possibilities that the two forms are either genetic morphs 
or distinct species linked in some aberrant and unex- 
plained symbiosis. The field data strongly suggest the 
second alternative. In laboratory experiments small 
homospecific groups of workers readily accepted queens 
of the opposite species combined with alien worker 
groups. The significance of this permissiveness, and the 
nature of the interaction of homospecific colonies of the 
same species in nature, are clearly promising subjects for 
future study. 

The next step in the dulotic progression is best ex- 
emplified by F. sanguinea, a European species that has 
been thoroughly studied by Huber (1810), Forel (1874), 
Wasmann (1891), Dobrzañski (1961, 1965), and others. 
The “sanguinary ants” are very aggressive and territorial, 
dominating the local spots near their nests that are richest 
in food. They are “facultative slave-holders,” in Was- 
mann’s terminology, since colonies are sometimes found 
with no slaves present. Also, workers isolated in laboratory 
nests are able to conduct all of the affairs of colony life, 
including nest construction, in a competent manner. Ac- 
cording to Wheeler (1910) the percentage of slaveless 
colonies in different populations of sanguinea varies enor- 
mously, from about 2 percent to 98 percent. The com- 
monest slaves taken belong to the fusca group (“Servi- 
formica”) and include fusca, lemani, and rufibarbis; less 
commonly exploited are gagates, cunicularia, trans- 
kaukasica, and cinerea, all of which are also members of 
the fusca group as conceived in the broadest sense. On 
rare occasions workers of the rufa group, in particular 
nigricans and rufa, have been found in sanguinea nests, 
but always in the company of fusca-group slaves (Bernard, 
1968). As a rule, sanguinea colonies enslave the fusca- 
group species nearest their nest, and the seeming prefer- 
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FIGURE 19-5. Formica sanguinea, the slave-making 
“sanguinary ant” of Europe: (a) dealated queen; (b) 
pseudogyne, an abnormal female form found in colonies of 
this (and other) species of Formica infested by lomechusine 
staphylinid beetles; (c) worker; (d) head of worker, showing 
the notched clypeus that characterizes members of the 
sanguinea group of Formica. Colonies of this species are not 
dependent on slaves for survival, and they engage only 
occasionally in raids. The morphology is not especially adapted 
for slave making (from Wheeler, 1910). 


ences are merely a reflection of local relative abundance 
of the slave species. Two or even three slave species are 
sometimes present in a given sanguinea nest simulta- 
neously, and the composition of slaves may change from 
year to year. 

The raids of sanguinea have been lucidly described by 
Wheeler (1910): 


The sorties occur in July and August after the marriage flight 
of the slave species has been celebrated and when only workers 
and mother queens are left in their formicaries. According to 
Forel the expeditions are infrequent—“scarcely more than two 
or three a year to a colony.” The army of workers usually starts 
out in the morning and returns in the afternoon, but this de- 
pends on the distance of the sanguinea nest from the nest to 
be plundered. Sometimes the slave-makers postpone their 
sorties till three or four o’clock in the afternoon. On rare occa- 
sions they may pillage two different colonies in succession 
before going home. The sanguinea army leaves its nest in a 
straggling, open phalanx sometimes a few meters broad and 
often in several companies or detachments. These move to the 
nest to be pillaged over the directest route permitted by the 
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often numerous obstacles in their path. As the forefront of the 
army is not headed by one or a few workers that might serve 
as guides, but is continually changing, some dropping back 
while others move forward to take their places, it is not easy 
to understand how the whole body is able to go so directly to 
the nest of the slave species, especially when this nest is situated. 
as is often the case, at a distance of 50 or 100m... When the 
first workers arrive at the nest to be pillaged, they do not enter 
it at once, but surround it and wait till the other detachments 
arrive. In the meantime the fusca or rufibarbis scent their ap- 
proaching foes and either prepare to defend their nest or seize 
their young and try to break through the cordon of sanguinea 
and escape. They scramble up the grass-blades with their larvae 
and pupae in their jaws and make off over the ground. The 
sanguinary ants, however, intercept them, snatch away their 
charges and begin to pour into the entrances of the nest. Soon 
they issue forth one by one with the remaining larvae and pupae 
and start for home. They turn and kill the workers of the 
slave-species only when these offer hostile resistance. The troop 
of cocoon-laden sanguinea straggle back to their nest, while the 
bereft ants slowly enter their pillaged formicary and take up 
the nurture of the few remaining young or await the appearance 
of future broods. 


The communicative signals that trigger and orient the 
raids of colonies belonging to the sanguinea group of 
slave-making ants have recently been identified, at least 
in part, by Fred E. Regnier and myself (unpublished 
observations). We found that workers of the American 
species Formica rubicunda readily follow artificial odor 
trails made from whole body extracts of rubicunda workers 
and applied with a camel’s hair brush over the ground 
in the vicinity of the nest. When the trails were drawn 
away from the nest opening in the afternoon, at about 
the time raids are usually conducted, the rubicunda 
workers showed behavior that was indistinguishable from 
ordinary raiding sorties. They ran out of the nest and 
along the trail in an excited fashion, and, when presented 
with colony fragments of a slave species (F. subsericea), they 
proceeded to fight with the workers and to carry the pupae 
back to their nest. It seems likely that under normal 
circumstances rubicunda scouts lay odor trails from the 
slave colonies they discover to the home nest, and the raids 
result when nestmates follow the trails out of the home 
nest back to the source. This is probably the general mode 
of communication among slave-making ants. As we shall 
see shortly, it is the technique employed by the evolu- 
tionarily superior amazon ants of the genus Polyergus, as 
well as by the myrmicine slave-makers of the genus Har- 
pagoxenus. The tendency of Formica sanguinea to fan out 
into “phalanxes” in their outward march does not conflict 
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with this interpretation; there could be several odor trails 
involved, around which orientation is less than perfect. 

The general biology and raiding behavior of F. sub- 
integra, an American member of the sanguinea group, 
have been studied by Wheeler (1910) and by Talbot and 
Kennedy (1940). The latter investigators, by keeping a 
chronicle over many summers of a population on Gibral- 
tar Island, in Lake Erie, were able to show that raiding 
is much more frequent than in sanguinea. Some colonies 
raided almost daily for weeks at a time, striking out in 
any one of several directions on a given day. Occasionally 
the forays continued on into the night, in which case the 
subintegra workers remained in the looted nest overnight 
and returned home the next morning. In other details the 
raiding behavior resembled that of sanguinea. More re- 
cently, Regnier and I discovered that each subintegra 
worker possesses a grotesquely hypertrophied Dufour’s 
gland, which contains approximately 700 ug of a mixture 
of decyl, dodecyl, and tetradecyl acetates. These sub- 
stances are sprayed at the defending colonies during the 
slave raids. They act at least in part as “propaganda 
substances” because they evaporate slowly and help to 
alarm and to disperse the defending workers. 

Little is known about the other nine or so American 
species of the sanguinea group (Creighton, 1950; Buren, 
1968a), and their study is likely to reveal new behavioral 
phenomena related to dulosis. For example, a colony of 
F. wheeleri that I observed in Yellowstone Park, Wyoming 
(Wilson, 1955b), divided its labor in a remarkable fashion 
between two species of slaves. F. neorufibarbis accom- 
panied the wheeleri on a raid (against colonies of F. fusca 
and F. lasioides simultaneously) and assisted them in 
excavating and breaking into the plundered nests. Later, 
when the mixed nest was excavated for closer examina- 
tion, the neorufibarbis were found to be concentrated in 
the middle and upper layers. They were very aggressive 
and joined the wheeleri in defending the nest. The workers 
of the second slave species, F. fusca, did not accompany 
the slave-makers on the raid, and later they made only 
feeble attempts to defend the nest. Instead, they were 
found concentrated in the lower layers of the nest close 
to the brood, and most had their crops distended with 
liquid food. These circumstances suggest that the fusca 
workers were specializing on food storage and brood care. 
A deeper significance of the dulotic habit is indicated by 
this example. It is apparent that the slave-maker colony 
not only adds to its labor force quantitatively by taking 
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slaves, but it can also incorporate specialists that increase 
the efficiency of the colony in a fashion analogous to that 
seen in normal worker polymorphism. 

The mode of colony founding by queens of the F. san- 
guinea group has not been observed in nature, and this 
surprising gap in our information continues to prevent a 
secure understanding of the evolutionary origins of dulo- 
sis. Wheeler (1906) conducted a series of laboratory ex- 
periments on the American species F. rubicunda which 
strongly indicate that the queens can function at least 
facultatively as temporary parasites. When he placed 
newly dealated (but still virgin) rubicunda queens in nests 
containing workers and brood of F. fusca, they responded 
in an aggressive and effective manner. They advanced on 
the fusca colonies, fighting and killing fusca workers that 
attacked them, then seizing and sequestering the fusca 
pupae, until finally all of the fusca workers were dead and 
the rubicunda queens stood guard over the confiscated 
brood. When new fusca workers emerged from the brood 
pile at a later date, they accepted the rubicunda queens 
and began to lick and to feed them. Viehmeyer (1908) 
and Wasmann (1908) subsequently repeated Wheeler’s 
experiment with young mated queens of F. sanguinea and 
obtained the same result. The behavior of the intruding 
queens differs markedly from those belonging to the fusca 
and microgyna groups used in parallel experiments. There 
is no reason to doubt that, at least under certain condi- 
tions, the sanguinea-group queens do start new colonies 


* by this form of unaided assault on colonies of slave spe- 


cies. Wheeler, in his early writings, and later Santschi 
(1906) and Wasmann (1908), believed that such temporary 
parasitism not only characterized the ancestors of the 
slave-making Formica but was a prerequisite for the evo- 
lution of the dulotic habit itself. Together they postulated 
this explanation as an alternative to the Darwinian hy- 
pothesis, believing that, once predatory habits evolved in 
the queen during nest founding, it was far easier for the 
species to extend such behavior to the worker caste in the 
form of raiding for slaves. Later, Wheeler (1910) saw the 
incongruity in his position, namely, that dulosis represents 
a wholly new behavior pattern that cannot be viewed 
simply as a variant of the temporarily parasitic mode of 
colony founding. He concluded, “In my opinion both 
temporary parasitism and dulosis have arisen inde- 
pendently from the practice of F. rufa and F. sanguinea 
of adopting fertilized queens of their own species . . .” 
This opinion seems about right at the present time. The 
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Darwin hypothesis is not excluded by the demonstration 
of temporary social parasitism in the sanguinea group; it 
is, moreover, considerably strengthened by the growing 
evidence of raiding and accidental dulosis in F. naefi and 
F. sanguinea, as I pointed out earlier. We still know very 
little about whether the various species of the sanguinea 
group rely on temporary parasitism to start new colonies, 
as opposed to homospecific adoption followed by budding. 

The pinnacle of the slave-holding way of life (or nadir 
if you prefer) is reached in the formicine genus Polyergus, 
a totally dulotic group of species that have evidently been 
phylogenetically derived from Formica. Three species are 
known: rufescens of Europe and North America, lucidus 
of North America, and samurai of Japan and eastern 
Siberia (see Figure 19-6). These “Amazon ants” are no- 
where common, but their striking appearance (large size, 
bright red or black coloration, and shining body surface), 
the extraordinary degree of their behavioral specialization, 
and the spectacular qualities of their slave raids have 
placed them among the most frequently studied of all the 
ants (Huber, 1810; Forel, 1874; Wheeler, 1910; Emery, 
1915; Creighton, 1950; Dobrzañska and Dobrzanski, 1960; 
Gésswald and Kloft, 1960; Beck, 1961; Sakagami and 
Hayashida, 1962; Yasuno, 1964b; Kohler, 1966; Talbot, 
1967; Marlin, 1968). As usual, no one has ever approached 
Wheeler’s ability to distill the important information in 
the form of a gripping narrative, and I must again defer 
to him. In the following passage he describes P. rufescens: 


The worker is extremely pugnacious, and, like the female, may 
be readily distinguished from the other Camponotine [formi- 
cine—E. O. Wilson] ants by its sickle-shaped, toothless, but 
very minutely denticulate mandibles. Such mandibles are not 
adapted for digging in the earth or for handling thin-skinned 
larvae or pupae and moving them about in the narrow chambers 
of the nest, but are admirably fitted for piercing the armor of 
adult ants. We find therefore that the amazons never excavate 
nests nor care for their own young. They are even incapable 
of obtaining their own food, although they may lap up water 
or liquid food when this happens to come in contact with their 
short tongues. For the essentials of food, lodging and education 
they are wholly dependent on the slaves hatched from the 
worker cocoons that they have pillaged from alien colonies. Apart 
from these slaves they are quite unable to live, and hence are 
always found in mixed colonies inhabiting nests whose archi- 
tecture throughout is that of the slave species. Thus the amazons 
display two contrasting sets of instincts. While in the home nest 
they sit about in stolid idleness or pass the long hours begging 
the slaves for food or cleaning themselves and burnishing their 
ruddy armor, but when outside the nest on one of their preda- 
tory expeditions they display a dazzling courage and capacity 
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FIGURE 19-6. Some principal events in the life of a worker 
of the slave-making ant Polyergus rufescens: (a) during a raid 
the worker attacks a resisting Formica fusca worker, piercing its 
head with its saber-shaped mandibles; (b) it carries a captured 
fusca pupa homeward; (c) it is fed by a fusca slave which has 
eclosed from a captured pupa (original drawing by Turid 
Hölldobler). 


Chapter 19 


for concerted action compared with which the raids of sanguinea 
resemble the clumsy efforts of a lot of untrained militia. The 
amazons may, therefore. be said to represent a more specialized 
and perfected stage of dulosis than that of the sanguinary ants. 
In attaining to this stage. however, they have become irrevocably 
dependent and parasitic. Wasmann believes that Polvergus is 
actually descended from F. sanguinea, but it is more probable 
that both of these ants arose in pretertiary times from some 
common but now extinct ancestor. The normal slaves of the 
European amazons are the same as those reared by sanguinea, 
viz: F. fusca, glebaria, rubescens, cinerea, and rufibarbis; and of 
these fusca is the most frequent. But the ratio of the different 
components in the mixed nests is the reverse of that in sanguinea 
colonies, there being usually five to seven times as many slaves 
as amazon workers. The simultaneous occurrence of two kinds 
of slaves in a single nest is extremely rare, even when the same 
amazon colony pillages the nests of different forms of fusca 
during the same season. This is very probably the result of the 
slaves having a decided preference for rearing only the pupae 
of their own species or variety and eating any others that are 
brought in. Two slave forms may. however, appear in succession 
in the same nest. Near Morges. Switzerland, Professor Forel 
showed me an amazon colony which during the summer of 1904 
contained only rufibarbis slaves, but during 1907 contained only 
glebaria. 


Unlike sanguinea, rufescens makes many expeditions during July 
and August, but these expeditions are made only during the 
afternoon hours. One colony observed by Forel (1874) made 
44 sorties on thirty afternoons between June 29 and August 18. 
It undoubtedly made many more which were not observed, as 
Forel was unable to visit the colony daily . . . Forel estimated 
the number of amazons in the colony at more than 1,000 and 
the total number of pupae captured at 29,300 (14,000 fusca, 
13,000 rufibarbis, and 2.300 of unknown provenience, but prob- 
ably fusca). The total number for the summer (1873) was esti- 
mated at 40,000. This number is certainly above the average, 
as the amazon colony was an unusually large one. Colonies with 
only 300 to 500 amazons are more frequent, but a third or half 
of the above number of pillaged cocoons shows what an influ- 
ence the presence of a few colonies of these ants must have 
on the Formica colonies of their neighborhood. Of course, only 
a small proportion of the cocoons are reared. Many of them 
are undoubtedly injured by the sharp mandibles of the amazons 
and many are destroyed and eaten after they have been brought 
home. 


The tactics of Polvergus, as I have said, are very different from 
those of sanguinea. The ants leave the nest very suddenly and 
assemble about the entrance if they are not, as sometimes 
happens, pulled back and restrained by their slaves. Then they 
move out in a compact column with feverish haste, sometimes, 
according to Forel. at the rate of a meter in 33 Y, seconds or 
3 cm. per second. On reaching the nest to be pillaged, they do 
not hesitate like sanguinea but pour into it at once in a body, 
seize the brood, rush out again and make for home. When 
attacked by the slave species they pierce the heads or thoraces 
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of their opponents and often kill them in considerable numbers. 
The return to the nest with the booty is usually made more 
leisurely and in less serried ranks. 

The means by which the Polyergus workers are able to 
mobilize themselves within minutes and run in a compact 
column straight for the target colony has long been one 
of the classic problems of entomology. Very recently Mary 
Talbot (1967) seems to have solved it. While watching 
Polyergus lucidus colonies in Michigan, she noticed that, 
prior to the onset of each raid, several scout workers 
explored the surrounding terrain, including the vicinity 
of the specific nest later raided. By monitoring the Po/yer- 
gus nests carefully. she saw that the beginning of the raid 
was Often signaled by the appearance of a scout returning 
from the direction of the target nest. As she describes it. 
“On other days the departure of scouts was less conspicu- 
ous, and seldom was one lucky enough to spot a scout 
coming in. But whenever an ant came in hurriedly from 
the grass and went directly into the nest, there was an 
outpouring of ants. It was thus assumed that whenever 
a sudden emergence occurred it was in response to a 
messenger arriving with news of a located colony. If this 
was correct and if the scouting ant, which found a colony, 
laid down an odor trail on its way home, then the odor 
must have been quite long lasting, for it sometimes took 
an ant 30 to 45 minutes to return from a raided nest. It 
seemed unlikely that a raiding group could be following 
anything but an odor trail, for it moved rapidly, did not 
maintain leaders, and usually stopped at exactly the right 
place.” 

The next logical step was to try to induce false raids 
by means of the artificial trail test. Talbot accomplished 
this in a manner that decisively favored her hypothesis. 
When she laid down dichloromethane extracts of whole 
Polvergus bodies over the ground along an arbitrary path 
away from the nest and at the time of day raids normally 
occur, Polvergus workers poured from the nest and fol- 
lowed the trails to the end. Thus Talbot was able to acti- 
vate the raid swarms at will and lead them to targets of 
her choosing. Finally. she induced a complete raid on a 
colony of Formica nitidiventris by placing it in a box two 
meters from a Polvergus colony and drawing an artificial 
Polyergus trail to it. 

Emery (1911), by employing introduction experiments 
of the kind invented by Wheeler for studies of temporary 
parasitism, discovered that the queens of Polyergus 
rufescens act essentially like those of Epimyrma and certain 


Chapter 19 


other parasitic groups during colony founding. When 
presented with a colony of Formica fusca in the laboratory, 
the rufescens queen works her way into the nest by sub- 
missive posturing and secures adoption by the fusca 
workers and queen. Then, after a week or so has elapsed, 
she kills the fusca queen by piercing her head with her 
sharp mandibles. The frequency with which this mode of 
colony formation is used in nature is not known. It must 
occur at least occasionally since single dealated P. rufes- 
cens queens have been found alone in small F. fusca nests 
on at least two occasions. In addition, according to a recent 
report by Marlin (1968), colonies of P. lucidus can repro- 
duce by budding. Some of the queens return to their home 
nests following the nuptial flights. Later they accompany 
workers on a raid and remain behind with a few of them 
in a plundered Formica nest or in some other neighboring 
nest site. 

In 1932 K. V. Arnoldi reported the discovery of a new 
and equally spectacular kind of formicine slave-making 
ant. The species, Rossomyrmex proformicarum, super- 
ficially resembles Polyergus, but has evidently been de- 
rived from Formica-like ancestors in a line separate from 
that leading to the amazon genus. R. proformicarum is 
locally common in the Artemisia-Festuca steppe at several 
localities in southeastern Russia. It enslaves Proformica 
nasuta, an abundant dweller of xeric habitats which is 
closely related to the genus Formica. The method of raid- 
ing is unique. In one instance observed by Arnoldi, the 
Rossomyrmex emerged from their nest and formed into 
pairs as follows: one worker seized another by its mandi- 
bles, whereupon the second worker folded up its legs, 
tucked under its abdomen, and allowed itself to be carried 
in the typical formicine fashion. About fifty pairs set off 
in a loose file in this fashion. After traveling for some 50 m 
they halted, uncoupled, and wandered about, apparently 
searching without success for Proformica nests. The fol- 
lowing day the same colony was encountered in the midst 
of a raid. When Arnoldi arrived on the scene, a few pairs 
were still outward bound, but the majority were already 
pillaging a Proformica nest and carrying home the cap- 
tured pupae. The transporting behavior described in this 
case is basically the same as that used by Formica during 
colony movements from one nest site to another. The 
Rossomyrmex seem simply to have adapted it to a new 
function. An intermediate stage in the evolution of the 
Rossomyrmex habit is displayed by the slave-maker For- 
mica wheeleri, whose workers have been observed carrying 
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each other back to the home nest following a raid (Wilson, 
1955b). 

Even more remarkable in another sense is the exist- 
ence of a phylogenetically independent form of dulosis 
in the myrmicine genera Harpagoxenus, Leptothorax, and 
Strongylognathus. The Harpagoxenus case is the most 
specialized and also by far the best understood. The North 
American species H. americanus has been closely studied 
by Sturtevant (1927), Creighton (1929), and especially 
Wesson (1939), whose analysis of the life cycle and be- 
havior is a model of its kind. The Harpagoxenus workers 
are small, blackish brown ants superficially resembling 
some of the Leptothorax species they enslave. Their most 
distinguishing feature is the presence of “antennal 
scrobes”—long, deep pits along the sides of the head into 
which the antennae are folded for protection during the 
raids. H. americanus is a relatively widespread species, 
existing in very local but dense populations from Ontario 
south to Virginia and west to Ohio. It enslaves two of the 
commonest Leptothorax species of eastern North America, 
L. curvispinosus and L. longispinosus. In the populations 
studied by Wesson, the ratio of H. americanus to local 
Leptothorax colonies was about 1: 15. The mixed colonies 
contained up to 50 Harpagoxenus workers and 300 Lepto- 
thorax worker slaves. Most colonies were much smaller 
than this, the medians being about 6 Harpagoxenus and 
30 Leptothorax, respectively. 

Following the nuptial flight in early or middle July, the 
newly fecundated queen sheds her wings and crawls about 
on the ground or low vegetation in search of a Leptothorax 
colony. On encountering a nest, she begins quite literally 
to throw the Leptothorax adults out. As each worker 
approaches her in turn, she seizes it by an antenna, drags 
it out of the nest entrance, and flings it to one side. She 
avoids attacks on her own body by very rapid, shifting 
movements. After she has savaged the colony in this 
manner for a while, the Leptothorax queen and workers 
finally panic and desert the nest. The Harpagoxenus queen 
then appropriates the larvae and pupae left behind. 

When Leptothorax workers later eclose from the pirated 
brood, they adopt the Harpagoxenus queen without hesi- 
tation, and soon afterward she begins to lay eggs. The 
Harpagoxenus workers that develop from these eggs are 
degenerate in behavior. They spend almost all of their 
time in the nest grooming each other and “loafing.” They 
are fed with liquid food regurgitated to them by the 
Leptothorax slaves, who also assume the thankless tasks 
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FIGURE 19-7. Workers of Harpagoxenus americanus (A); and 
of one of its slave species, Leptothorax curvispinosus (B) (from 
Wheeler, 1910). 


of foraging, nest construction, and brood care. When the 
Harpagoxenus depart on the slave raids, on the other 
hand, they reveal themselves to be efficient little fighting 
machines. The raids are initiated by scouts, who hunt 
singly for Leptothorax colonies in the vicinity of the 
Harpagoxenus nest. When a Harpagoxenus scout encoun- 
ters a Leptothorax nest, it normally attempts to penetrate 
the entrance without hesitation. If the colony is small and 
weak, it may succeed in capturing it single-handed, after 
which it begins to transport the Leptothorax brood back 
to its own nest. If, on the other hand, the scout is repulsed, 
it returns to its nest, excites its nestmates (evidently by 
release of a pheromone), and soon sets out again for the 
newly discovered Leptothorax nest. This time it lays down 
a short-lived odor trail which draws out a tight little 
column of Harpagoxenus workers and Leptothorax slaves. 
If this group is still not sufficient to breach the Leptothorax 
nest, some of the Harpagoxenus workers return to the 
home nest and bring out auxiliary columns. 

Toward the end of the summer, the raids are transmuted 
into an unusual form of colony multiplication. An in- 
creasing tendency develops for some of the Harpagoxenus 
workers to remain behind in the conquered nests, where 
they stand guard over the Leptothorax brood. When this 
happens, the expatriates soon lose contact with the home 
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nest, and they are treated as queens by the Leptothorax 
workers who subsequently eclose from the pupae. The 
eggs laid by the Harpagoxenus workers are apparently 
unfertilized and give rise mostly to males, along with a 
few workers. Such secondary colonies are very common 
and even rival in number the primary colonies started by 
single Harpagoxenus queens. Of 32 colonies censused by 
Wesson in Maryland, Ohio, and Pennsylvania, no less than 
16 were populated exclusively by Harpagoxenus workers 
together with their slaves. 

The European representative of the genus, H. sublaevis, 
has been studied by Adlerz (1896), Viehmeyer (1921), and 
Buschinger (1966, 1968). Its life cycle is very similar to 
that of H. americanus, except that some of the workers 
are inseminated and serve as the usual reproductives; 
morphologically complete queens are relatively scarce. A 
slave-making Leptothorax, L. duloticus, was discovered in 
Ohio by Wesson (1940b) and later found in Michigan as 
well by Talbot (1957). The rather fragmentary information 
available suggests that L. duloticus is basically similar to 
Harpagoxenus in its biology. 

Finally, in the Palaearctic myrmicine genus Strongy- 
lognathus we are privileged to see the transition from 
dulosis to full inquilinism. The natural history of the genus 
has been gradually explored over a period of many years 
by Forel (1874, 1900), Wasmann (1891), Wheeler (1910), 
Kutter (1923, 1969), Pisarski (1966), and others. Stron- 
gylognathus is closely related to Tetramorium, and its 
species enslave members of the latter genus. The most 
favored slave species is T. caespitum, one of the most 
abundant and widespread ant species of Europe. S. alpinus 
has a life cycle more or less typical of the majority of 
Strongylognathus species. It is at an evolutionary level 
somewhat less advanced than that of Harpagoxenus in the 
one special sense that the behavior of its workers is less 
degenerate. The workers, like those of most parasitic ant 
species, do not forage for food or care for the immature 
stages; nevertheless, they still feed themselves and assist 
in nest construction. The raids of alpinus are notoriously 
difficult to observe. They occur in the middle of the night 
and take place, for the most part, along underground 
galleries. The alpinus workers are accompanied by Tetra- 
morium caespitum slaves, who, true to the aggressive na- 
ture of their species, join in every phase of the raid. War- 
fare against the target colony is total: the nest queen and 
winged reproductives are killed, and all of the brood and 
surviving workers are carried back and incorporated into 
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the mixed colony. This union of adults should not be too 
surprising when it is recalled that 7. caespitum colonies, 
even in the absence of Strongylognathus, frequently con- 
duct pitched battles that sometimes terminate in colony 
fusion. The S. alpinus workers are well equipped for lethal 
fighting. Like many other dulotic and parasitic ant species, 
they possess saber-shaped mandibles adapted for piercing 
the heads of their resisting victims (see Figure 19-8). The 
mode of colony multiplication is not known, but it is at 
least clear that the host queen is somehow eliminated in 
the process. 

One member of the genus, Strongylognathus testaceus, 
has completed the transition to complete inquilinism. The 
Tetramorium queen is tolerated and lives side by side with 
the S. testaceus queen. There are fewer testaceus than host 
workers, the usual situation found in advanced dulotic 
species. The testaceus workers do not engage in ordinary 
household tasks and are wholly dependent on the host 
workers for their upkeep. But the key fact is that they also 
do not engage in slave raids. Somehow the reproductive 


FIGURE 19-8. Heads of workers of five species of dulotic 
ants, showing varying degrees of modification of the mandibles 
for fighting during the slave raids: (a) Polyergus rufescens, (b) 
Strongylognathus alpinus, and (c) Strongylognathus testaceus 
have saber-shaped mandibles used to pierce the exoskeletons 
of their victims; (e) Harpagoxenus sublaevis has sharp, 
clipper-shaped mandibles used to nip and cut the appendages 
of opponents; (d ) Formica sanguinea, a facultative slave-maker 
whose workers still carry on normal work loads in their own 
nests, has unmodified mandibles with a full set of teeth on the 
gripping edge (from Kutter, 1969). 
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ability of the host queen is curtailed. She generates only 
workers and no reproductives. Only the S. testaceus queen 
is privileged to produce both castes. Nevertheless, the 
presence of the Zetramorium queens permits the mixed 
colonies to attain great size. Wasmann found one com- 
prised of between 15,000 and 20,000 Tetramorium workers 
and several thousand Strongylognathus workers. The 
brood consisted primarily of queen and male pupae of 
the inquiline species. It is evident that S. testaceus is in 
a stage of parasitic evolution just a step beyond that 
occupied by S. alpinus. The worker caste of testaceus has 
been retained, and it still has the murderous-looking 
mandibles dating from the species’ dulotic past, but it has 
evidently lost all of its former functions and is in the 
process of being reduced in numbers. Probably S. testaceus 
is on the way to dropping the worker caste altogether, a 
final step that would take the species into the ranks of 
the extreme inquilines. 


Xenobiosis and Trophic Parasitism 


The classic example of xenobiosis is the relation of the 
“shampoo ant” Leptothorax provancheri to its host Myr- 
mica brevinodis as described by Wheeler (1903, 1910). 
Species of Leptothorax generally form small colonies that 
nest in tight little places, for example, inside hollow twigs 
lying on the ground, rotted acorns, or abandoned beetle 
galleries in the bark of trees. The workers forage singly, 
and, when they encounter other ants, they usually avoid 
them by moving in a stealthy, unobtrusive manner. Be- 
cause of these traits, colonies of Leptothorax are often 
found close to the nests of larger ants, and their workers 
are able to forage freely among their large neighbors. The 
trend has been extrapolated into parasitism by L. pro- 
vancheri. This species has been found living only in close 
association with colonies of M. brevinodis. (Wheeler 
erroneously referred to these two forms by their synony- 
mic names L. emersoni and M. canadensis, respectively.) 
Both species occur widely through the northern United 
States and southern Canada. Colonies of M. brevinodis 
construct their nests in the soil, in clumps of moss, and 
under logs or stones, especially in wet meadows and bogs. 
Smaller L. provancheri colonies excavate their nests near 
the surface of the soil and join them to the host nests by 
means of short galleries. They keep their broods strictly 
apart. The Myrmica are too large to enter the narrow 
Leptothorax galleries, but the Leptothorax move freely 
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through the nests of their hosts. The Leptothorax workers 
do not forage for their own food. They depend almost 
entirely on crop liquid obtained from the host workers, 
using begging movements to induce the incoming Myr- 
mica foragers to regurgitate to them. They also mount the 
Myrmica adults and lick them in what Wheeler has de- 
scribed as “a kind of feverish excitement,” to which the 
hosts respond with “the greatest consideration and affec- 
tion.” Wheeler was under the impression that the Myrmica 
sought the Leptothorax in order to obtain a “shampoo,” 
and he believed at first that the relationship might be 
mutually beneficial. Later (1910) he conceded that the 
Leptothorax are probably no more than parasites. They 
are, nevertheless, far from being helplessly dependent on 
Myrmica brevinodis. Not only do they construct their own 
nests and rear their own brood, but they are also able to 
feed themselves, albeit awkwardly, when isolated in arti- 
ficial nests in the laboratory. 

Formicoxenus nitidulus is a northern European species 
with habits closely similar to Leptothorax provancheri. 
This reddish little ant closely resembles Leptothorax and 
may have been derived from it in evolution. It is special- 
ized for life inside the large mound nests of Formica rufa 
and F. pratensis. It has also been found occasionally in 
nests of other Formica species, including F. exsecta and 
F. fusca, and even Polyergus rufescens and Tetramorium 
caespitum. The relation of Formicoxenus to its hosts has 
been studied over a period of many years by Forel (1874, 
1886), Adlerz (1884), Wasmann (1891), Janet (1897a), 
Wheeler (1910), Stager (1925), and Stumper (1949, 1950). 
The colonies, which contain 100-500 workers and multiple 
queens, nest exclusively within the walls of the host nests. 
They excavate their own chambers and keep their brood 
strictly segregated. Like the Leptothorax shampoo ants, 
they build narrow galleries that open directly into the 
interior of the Formica nests, and from these they period- 
ically emerge to forage among the host workers. But, 
unlike the Leptothorax, they do not lick their hosts. In fact, 
it has been difficult to observe interactions of any kind 
between the Formicoxenus and the Formica. Although 
Stäger reported regurgitation from Formica workers to 
Formicoxenus, Stumper has concluded that this must be 
uncommon since most of the time the Formicoxenus 
workers appear to keep strictly to themselves. F. nitidulus 
nevertheless displays at least two remarkable adaptations 
to its commensal existence. First, the males are wingless 
and highly worker-like in appearance (Figure 19-9). They 
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FIGURE 19-9. Formicoxenus nitidulus, a European 
myrmicine ant that lives xenobiotically in nests of Formica: (a) 
worker; (b) ergatomorphic male (from Wheeler, 1910). 


can be distinguished externally only by their longer an- 
tennae, which contain one more segment than those of 
the worker, by an additional abdominal segment, and of 
course by the extrusible portions of their genitalia. The 
matings take place on top of the host nests. The second 
adaptation to life with Formica is the ability to emigrate 
in the columns of the host workers when the latter change 
nest sites. It has not been determined whether the Formi- 
coxenus follow Formica trail pheromones in such cases or 
whether they orient visually with their rather well- 
developed eyes. 

In 1925 Wheeler reported the discovery of a new and 
thoroughly surprising case of xenobiosis between a myr- 
micine guest-ant, Megalomyrmex symmetochus, and a 
fungus-growing host species Sericomyrmex amabilis, also 
a myrmicine. The Sericomyrmex found modest-sized 
colonies, comprised of 100-300 workers and a queen, that 
nest in the wet soil of the laboratory clearing on Barro 
Colorado Island, Panama. They subsist entirely on a spe- 
cial fungus raised on beds of dead vegetable material. The 
Megalomyrmex form smaller colonies, consisting of 75 
adults or less, that live directly among the fungus gardens 
of the host. Since the Sericomyrmex also place their brood 
in the gardens, the young of both species become mixed 
to a limited extent. However, the Megalomyrmex tend to 
segregate their brood in little clumps, each of which is 
closely attended by a few workers, and neither species 
feeds or licks the brood of the other. The most remarkable 
fact is that the Megalomyrmex appear to subsist exclu- 
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sively on the fungus. This represents a major dietary shift 
which must have occurred relatively recently in the evo- 
lution of the genus. Because liquid food exchange is either 
uncommon or completely lacking in fungus-growing ants, 
the Megalomyrmex do not secure nutriment from the 
Sericomyrmex in this way. They do, however, lick the body 
surfaces of their hosts. 

An important common feature of the three examples 
of xenobiosis just cited is what German writers call Fut- 
terparasitismus, which can perhaps best be translated into 
the rather formal expression “trophic parasitism.” This is 
intrusion into the social system of another species in order 
to steal food. Trophic parasitism does not by itself require 
a close association of nests or even entry into the host nest 
by foraging workers. In other words, it can occur apart 
from xenobiosis. A weak, nonxenobiotic form of such 
parasitism is exhibited by Camponotus lateralis toward 
Crematogaster scutellaris in Europe. Goetsch (1953b) and 
Kaudewitz (1955) have described instances in which 
Camponotus workers followed the Crematogaster odor 
trails to their feeding grounds and exploited the same food 
resources during the same time of day. The Crematogaster 
were hostile to the Camponotus, which assumed a crouch- 
ing, conciliatory posture when they met the legitimate 
users of the trails. Unlike the xenobionts, the C. lateralis 
nest separately. Moreover, the relationship is not obliga- 
tory on lateralis, since colonies and foraging workers of 
that species are often found far from Crematogaster nests. 

On the island of Trinidad, in the West Indies, I dis- 
covered an instance of trail sharing that approaches a 
neutral, or commensalistic relationship (Wilson, 1965b). 
Each of the several colonies of the formicine Camponotus 
beebei encountered were in close association with a large 
colony of the dolichoderine Azteca chartifex, one of the 
dominant ant species of the island forests. The Campo- 
notus nested in cavities in tree branches near the arboreal 
carton nests of the Azteca, and their workers followed the 
Azteca odor trails down the branches and tree trunks to 
foraging areas on the nearby ground and weedy vegeta- 
tion. The diets of the two species were not determined, 
but, regardless of the degree of similarity, potential inter- 
ference between the two species was reduced by the exist- 
ence of opposite daily schedules. The Camponotus there- 
fore “borrowed” the Azteca trails when the owners were 
putting them to minimal use. The Azteca workers were 
hostile to the Camponotus workers and attacked them on 
the rare occasions when the latter slowed in their running, 
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but the Camponotus were larger and faster and usually 
easily avoided their hosts without causing any visible 
disturbance. On a single occasion, a Camponotus worker 
was seen to lead out a tight column of six other Campo- 
notus workers, guiding them along by means of a short- 
lived odor trail. The pheromone was laid directly on top 
of the Azteca odor trail, yet the Azteca workers did not 
fall in line or show any other response to the passage of 
the Camponotus group. Thus it appears that the Campo- 
notus, while “eavesdropping” on the Azteca odor trails, 
have reserved a special recruitment trail system of their 
own which they do not share with their hosts. 

An interesting evolutionary question can now be raised: 
do xenobiosis or the more tenuous forms of trail para- 
sitism ever lead to full inquilinism? The evidence to look 
for is the coexistence in the same genus of xenobiotic 
species and fully inquiline species, both of which parasitize 
other species belonging to the same genus. This is the 
criterion, it will be recalled, by which inquilinism in 
Strongylognathus testaceus was inferred to be of dulotic 
origin. So far, no such examples have been found. Even 
so, some of the traits of Kyidris, an inquilinous genus 
which will be described in a moment, at least suggest the 
possibility of a xenobiotic origin. Also, Sifolinia and Sym- 
myrmica are genera related to Pheidole or Leptothorax 
that live in an undefined form of symbiosis with Myrmica 
and Manica respectively. Should subsequent research 
reveal them to be inquilines rather than xenobionts, the 
case for a xenobiotic origin would be strong, especially 
in view of the fact that both genera are morphologically 
very close to the xenobionts Leptothorax provancheri and 
Formicoxenus nitidulus and share related hosts. Unfortu- 
nately, Sifolinia and Symmyrmica are among the rarest 
and least known of all ant genera. Their rediscovery and 
deeper study might prove to have special significance. 


Parabiosis 


Forel (1898) designated as “parabiosis” the following 
complex behavior which he discovered in Colombia. 
Colonies of the arboreal, rain forest ant species Cremato- 
gaster limata parabiotica and Monacis debilis (called Doli- 
choderus debilis var. parabiotica by Forel) commonly nest 
in close association, with the nest chambers kept separate 
but connected by passable openings. Also, the workers of 
the two species run together along common odor trails. 
Wheeler (1921c) confirmed the phenomenon in his 


Chapter 19 


Guyana studies and showed that the two species collect 
honeydew together from membracids. Wheeler also dis- 
covered a similar association between Crematogaster 
limata parabiotica and Camponotus femoratus. Both spe- 
cies were observed utilizing common trails and gathering 
honeydew from jassids and membracids on the same 
plants, as well as nectar from the same extrafloral nectaries 
of Inga. Not only were the Crematogaster and Camponotus 
workers tolerant of each other in this potentially competi- 
tive situation, but they were also on quite intimate terms. 
They “greeted” each other with calm antennation on the 
trails, and on three occasions Wheeler observed Campo- 
notus workers actually regurgitating to individuals of 
Crematogaster. 

It has not yet been established whether these examples 
of parabiosis are mutualistic or parasitic in nature. If 
parasitic, then parabiosis can of course scarcely be dis- 
tinguished from xenobiosis; the only differences could be 
in certain trivial relationships among the workers of the 
participating species while inside their nests. And at best 
the distinction between mutualism and parasitism must 
be a subtle one in such a complicated relationship. The 
form “parabiotica” of Crematogaster limata is evidently 
always associated with other ants. If future taxonomic 
studies prove it to be a species distinct from the typical 
limata, it is more likely also to be a parasite, for it would 
then be revealed to be dependent on its associates, while 
colonies of the “typical” species (limata) nest and forage 
by themselves. But the prima facie case for mutualism 
seems even stronger at this time. The broods are never 
mixed, and, as Weber (1943) has pointed out on the basis 
of his own studies, all of the parabiotic species participate 
vigorously together in nest defense. There is no evidence 
that the presence of the Crematogaster harms the other 
species, except possibly by competition for the same food 
resources. On the contrary, Camponotus femoratus main- 
tains flourishing populations in localities where virtually 
every colony lives in parabiosis with Crematogaster. 


The Degrees of Inquilinism 


Once an ant species enters complete inquilinism, 
whether by temporary parasitism, dulosis, or xenobiosis, 
it seems to evolve quickly on down into a state of abject 
dependence on its host. It acquires some of what can be 
termed the “inquiline syndrome,” a set of characteristics 
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found in varying combinations in all of the relatively 
specialized inquiline species: 


1. The worker caste is lost. 

2. The queen is either replaced by an ergatogyne, or 
ergatogynes appear together with a continuous 
series of intergrades connecting them morpho- 
logically to the queens. 

3. There is a tendency for multiple egg-laying queens 
to coexist in the same host nest. 

4. The queen and male are reduced in size, often 
dramatically so; in some cases (for example, 
Teleutomyrmex schneideri, Aporomyrmex ampeloni, 
Plagiolepis xene) the queen is actually smaller than 
the host worker. 

5. The male becomes “pupoid”: its body is thickened, 
the petiole and postpetiole become much more 
broadly attached, the genitalia become more ex- 
serted, the cuticle becomes thin and depigmented, 
and the wings are reduced or lost. The extreme 
examples of this trend are displayed by Anergates 
atratulus, Anergatides kohli, and Bruchomyrma 
acutidens (see Figure 19-10). 

6. There is a tendency for the nuptial flights to be 
curtailed, and to be replaced by mating activity 
among nestmates (“adelphogamy”) within or near 
the host nest. Dispersal of the queen afterward is 
very limited. 

7. Probably as a consequence of the curtailment of the 
nuptial flight just cited, the populations of inquiline 
species are usually very fragmented and limited in 
their geographic distribution. 

8. The wing venation is reduced. 

9. Mouthparts are reduced, with the mandibles be- 
coming smaller and toothless and the palps losing 
segments. Concomitantly, the inquilines lose the 
ability to feed themselves and must be sustained 
by liquid food regurgitated to them by the host 
workers. 

10. Antennal segments are fused and reduced in 
number. 

11. The occiput, or rear portion of the head, of the 
queen is narrowed. 

12. The central nervous system is reduced in size and 
complexity, usually through reduction of associative 
centers, 

13. The petiole and postpetiole are thickened, especially 
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FIGURE 19-10. Anergates atratulus, an extreme workerless 
ant parasite that lives with Tetramorium caespitum in Europe: 
(a) virgin queen; (b) old queen with a typically physogastric 
abdomen; (c) head of queen, showing the reduced mandibles 
and narrowed posterior half of the head characteristic of 
extreme inquilines; (d, e) male, a pupoid form of the kind also 
found in some other extreme inquilinous species (from 
Wheeler, 1910). 


the latter, and the postpetiole acquires a broader 
attachment to the gaster. 

14. A spine is formed on the lower surface of the post- 
petiole (the Parasitendorn of Kutter). 

15. The propodeal spines (if present in the ancestral 
species) “melt,” that is, they thicken and often grow 
shorter, and their tips are blunted. 

16. The cuticular sculpturing is reduced or lost alto- 
gether over most of the body; in extreme cases the 
body surface becomes strongly shining. 

17. The exoskeleton becomes thinner and less pig- 
mented. 

18. Many of the exocrine glands are reduced or lost, 
a trait already described in some detail in the earlier 
account of Teleutomyrmex schneideri. 

19. The queens become highly attractive to the host 
workers, which lick them frequently. This is espe- 
cially true of the older, physogastric individuals, 
and it appears to be due to the secretion of special 
attractant substances which are as yet chemically 
unidentified. 


One of the most interesting of these trends—namely, 
reduction of the worker caste—is examined more closely 
here. The inquiline species Kyidris yaleogyna of New 


375 Symbioses among Social Insects 


Guinea represents the most primitive known level in this 
evolutionary regression since it retains an abundant and 
partly functional worker caste (Wilson and Brown, 1956). 
Colonies of K. yaleogyna are parasitic on Strumigenys 
loriae, one of the more abundant and ecologically wide- 
spread of the Papuan ants. Both Kyidris and Strumigenys 
are members of the tribe Dacetini of the subfamily 
Myrmicinae, but they are otherwise very different from 
one another. Kyidris is a short-mandibulate form, closer 
to Smithistruma and Serrastruma than to the highly dis- 
tinctive, long-mandibulate Strumigenys. Four mixed col- 
onies were discovered nesting in pieces of decaying wood 
on the floor of rain forests. In each, the Strumigenys 
slightly outnumbered the parasites. One large colony 
collected in toto contained 1,622 workers and 16 dealated 
queens of Strumigenys, in combination with 1,170 workers, 
4 dealated queens, 84 alate queens, and 51 males of 
Kyidris. A second colony contained 243 workers and 4 
dealated queens of Strumigenys and 64 workers, 2 de- 
alated queens, and 31 males of Kyidris. These large groups 
lived in completely harmonious mixtures in which the 
parasitic nature of the Kyidris was only subtly evident. 
The Kyidris workers foraged for food. One group was 
found attending coccids near the nest. Others engaged in 
hunting for small insects, but, compared with the Strumi- 
genys, they were quite ineffectual. They wandered through 
the food chambers of the artificial nests like typical restless 
dacetines, but rarely tried to catch prey. Even when they 
tried, they usually failed, in sharp contrast to the highly 
efficient performances of their Strumigenys nestmates. One 
Kyidris worker was seen to seize a symphylan, pull it 
backwards, hold it for about thirty seconds without trying 
to sting it, and finally release it when it began to struggle. 
Another seized an entomobryid collembolan, pulled it 
back vigorously, then lost it when the entomobryan kicked 
with its furcula. Still another was seen actually to carry 
an entomobryid at a brisk clip across the food chamber 
floor; it reached the entrance to the brood chamber only 
to have a Strumigenys meet it and take the insect away. 
The general impression we gained was that the predatory 
behavior has regressed, but not completely disappeared, 
in Kyidris workers. In the artificial nests, at least, the 
Strumigenys workers did most of the productive hunting. 
The Kyidris we studied also aided in brood care much less 
frequently than the Strumigenys, and their efforts seemed 
ineffectual. Kyidris workers were never observed in nest 
construction. They received regurgitated liquid food from 
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Table 19-2. Characteristics of a host ant species (Plagiolepis pygmaea) and two closely related Pe that live as 


social parasites with it (based on data from Le Masne, 1956b). 


P. pygmaea P. grassei P. xene — 
Characteristic (host) (intermediate parasite) (extreme parasite) 
Length of queen (mm) 3.4-4.5 2.0-2.4 1.2-1.3 
Development of queen Normal Normal Variable, often rudimentary 
wings 
Condition of worker caste Normal, abundant; appears Rare, only one to every Absent 


before sexual forms 


Normal, with functional 
wings 


Condition of male 


the Strumigenys workers, and sometimes obtained food 
by inserting their mouthparts between those of two 
Strumigenys exchanging regurgitated material, but they 
were never seen to offer anything in return. In sum, the 
New Guinea Kyidris appear to represent inquilinism at 
a very early stage when the worker caste has only begun 
to reduce its behavioral repertory. Probably the degener- 
ation has proceeded past the point of no return since it 
is doubtful if Kyidris colonies could survive without their 
hosts. 

A somewhat more advanced stage of behavioral decay 
is shown by the workers of Strongylognathus huberi, a 
European species already mentioned in the previous sec- 
tion on dulosis. The workers are able to conduct raids, 
they participate in nest building, and they can feed them- 
selves. But, unlike the Kyidris workers, they have lost the 
capacity either to hunt or to care for brood. In the great 
majority of all other dulotic and inquilinous ant species 
that still possess a worker caste, the workers appear to 
have entirely lost the ability to carry on the ordinary 
functions of nest construction, food gathering, and queen 
and brood care. 

It is little wonder, then, that most truly inquilinous 
species have taken still one more step in evolution and 
discarded the worker caste altogether. The stages leading 
to this final abrogation have been beautifully documented 
in the genus Plagiolepis by Le Masne (1956b) and Passera 
(1966, 1968). The two species P. grassei and P. xene are 
parasitic on the closely related free-living form P. 
pygmaea. In certain key characteristics, namely loss of 
worker caste, size reduction, and alteration of the male 


Slightly female-like; wings 
occasionally rudimentary 


10 fecundated queens; appears 
after sexual forms 


Very female-like; wings 
always rudimentary 


form, xene qualifies as an extreme inquiline, while grassei 
occupies an almost exactly intermediate position between 
it and the free-living Plagiolepis (see Table 19-2). The most 
interesting annectant feature of grassei is in the status of 
the workers. This caste is almost extinct, and it appears 
in a given host nest only after the winged parasitic sexuals 
are produced—the reverse of the order that is universal 
in free-living ant species. 

The majority of inquiline species for which adequate 
information is available permit the host queens to live. 
This is the situation one would intuitively expect. It seems 
to make good sense for the parasites to insure themselves 
a long-lasting supply of host workers. This reasoning is 
also consistent with the fact that species of Strongylo- 
gnathus which obtain host workers by slave raids also 
destroy the host queens, while S. testaceus, the one species 
of the genus that does not obtain host workers in this 
fashion, tolerates the host queens. But what of the minor- 
ity of inquilines whose presence causes the death of the 
host queens? We have seen that the queen-killing Epi- 
myrma are not necessarily inconvenienced by their act, for 
the Leptothorax workers commence laying and produce 
other workers. This is not the case, however, for Anergates 
atratulus (Figure 19-10), whose presence evidently induces 
the Tetramorium workers to destroy their own queen. 
Because A. atratulus is such an advanced inquiline, the 
trait cannot be dismissed as an inconvenient holdover 
from a dulotic (or temporarily parasitic) past in the un- 
known Anergates ancestor. It is much more plausible that 
A. atratulus has simply adopted a different reproductive 
strategy from that of other inquilinous species. For some 
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species, in which either the host colonies or the parasites 
themselves are relatively short-lived, it may be advanta- 
geous to get rid of the host queen and invest all of the 
efforts of the host workers into producing as many parasite 
queens and males as soon as possible. This is the “big 
bang” strategy of reproduction, essentially the same as 
that employed by such fishes as the migratory eels and 
salmon and such plants as the bamboos (Gadgil and 
Bossert, 1970). Other parasitic ant species, with longer 
lives and host colonies that are more stable, would find 
it advantageous to let the host queens live and to employ 
the host colony in the production of parasite queens and 
males at a lower rate—but for a longer period of time. 
We should bear in mind that even the continuous repro- 
ducers inhibit host reproduction to some degree. In gen- 
eral, the production of host sexual forms in the presence 
of inquilines is a rare event even in those cases where the 
host queen is permitted to live. Furthermore, Passera 
(1966) has recently discovered that, in Plagiolepis pyg- 
maea, even the ability to produce workers is partially 
inhibited by the presence of parasitic P. xene queens. The 
theoretical implications raised by these various observa- 
tions can be best formalized in the following conjecture: 
The degree of reproductive repression inflicted by a given 
inquiline species is such as to maximize the total production 
of parasite queens and males per host colony under the 
particular ecological conditions in which the mixed colonies 
occur. In order to test this hypothesis and more generally 
to advance a population theory of social parasitism, data 
on the population dynamics of both parasitized and un- 
parasitized host colonies is needed. 


Social Parasitism in Wasps 


There are three basic ways in which one species of 
aculeate wasp can parasitize another. The first is by direct 
“parasitoid” attack, wherein the female simply stings the 
prey into a state of paralysis, lays an egg on it, and de- 
parts. When the young larva hatches, it feeds at will on 
the bulky carcass. The parasitoid habit can be regarded 
as no more than a slightly modified form of predation 
since the host is invariably killed in the end, however slow 
the process. Aculeate parasitoids, such as the species of 
Mutillidae that prey on bees, have a life cycle similar in 
essentials to the Terebrantia, or “true” parasitoid wasps 
(Clausen, 1940; Ferguson, 1962). 

The second form of parasitism practiced by some acu- 
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leate species is cleptoparasitism, or “cuckoo” reproduction. 
The German expression for the habit, Arbeitsparasitismus, 
describes it exactly, for in this case the female seeks out 
a prey already captured and stored by a host female and 
appropriates it for her own use. Various aspects of the 
phenomenon have been documented by Wheeler (1919b), 
Crévecoeur (1931), Wolf (1951), Evans et al. (1953), 
Olberg (1959), and Gillaspy (1963). Cleptoparasitism is 
not very common in wasps. It is known so far only from 
several genera in the Pompilidae (= Psammocharidae) 
and bembicine and gorytine Sphecidae. The life cycle of 
the bembicine Stizoides unicinctus, studied by the Raus 
and F. X. Williams and reviewed by Wheeler, is typical. 
The female digs her way into the nest of a female of 
Chlorion thomae, a member of the Sphecidae, after the 
latter individual has provisioned it with a cricket, closed 
the entrance, and departed. The Stizoides eats the Chlo- 
rion egg and lays her own. Members of the closely related 
genus Stizus have radically different habits. They are free 
living and typical “digger wasps” in their behavior. The 
females excavate their own burrows in the sand, glue a 
single egg in the terminal burrow, and progressively feed 
the hatching larva with crickets or hemipterans (Evans, 
1966). As a rule, cleptoparasitic aculeates prey on only 
one or a very few species of other aculeates belonging to 
a different genus or even a different family. 

The third form of parasitism found in the aculeate 
wasps is social parasitism, in which the parasitic female 
intrudes into the nest of another, social species and usurps 
the position of the queen. The phenomenon appears to 
be at least as common in the social wasps as in the ants 
(see Table 19-3). Two of the 16 species of Vespula in North 
America are permanent parasites, and a third is a faculta- 
tive temporary parasite. Twenty-three, or 10 percent, of 
the 225 known species of Mischocyttarus are permanent 
parasites, as are 3, and possibly more, of the 130 known 
Polistes species. Social parasitism is, nevertheless, not 
nearly as diversified as in ants. Where the ants follow at 
least three basically different kinds of intermediate para- 
sitism (temporary parasitism, dulosis, xenobiosis) that can 
serve as stepping-stones on the evolutionary road to in- 
quilinism, the wasps have evidently followed only one— 
temporary parasitism. Furthermore, within each of the 
evolutionary stages arrayed along this single evolutionary 
pathway, the wasps show very little behavioral variation. 

Taylor (1939), generalizing from his observations on 
Vespula squamosa, was the first to propose an explicit 
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TABLE 19-3. The socially parasitic aculeate wasps. 
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Parasite Hosts Form of parasitism Range Authority 
Vespidae, subfamily 
Vespinae 
Vespa dybowskii Vespa crabro, Facultative temporary Siberia, temperate Sakagami and Fukushima 
V. xanthoptera parasitism Asia (1957b) 
Vespula (V.) Vespula (V.) rufa Inquilinism Europe, North America Weyrauch (1937, 1938); 
austriaca (obligatory, : de Beaumont (1958) 
permanent 
parasitism) 
Vespula (V.) Vespula (V.) vidua Facultative temporary Eastern US, Texas, Taylor (1939); Miller 
squamosa parasitism Mexico, Central (1961) 
America 
Vespula Vespula Inquilinism Europe Weyrauch (1937, 1938); 
(Dolichovespula) (Dolichovespula) de Beaumont (1958) 
adulterina saxonica, V. 
(D.) norwegica 
Vespula Vespula Inquilinism Europe Weyrauch (1937, 1938); 
(Dolichovespula) (Dolichovespula) de Beaumont (1958) 
omissa silvestris 
Vespula Vespula Inquilinism North America Taylor (1939); Miller 
(Dolichovespula) (Dolichovespula) (1961) 
arctica arenaria 
{=V. adulterina?| 
Vespidae, subfamily 
Polistinae 
Polistes P. bimaculatus, Inquilinism Europe Weyrauch (1937, 1938); 
atrimandibularis P. omissus Scheven (1958) 
Polistes semenowi P. gallicus, Inquilinism Europe, North Africa Weyrauch (1937, 1938); 
P. nimpha Scheven (1958) 
Polistes sulcifer P. gallicus Inquilinism Europe Weyrauch (1937, 1938); 
Scheven (1958) 
Polistes ? Inquilinism (?) Africa Bequaert (1940) 
macrocephalus 
Polistes perplexus l Inquilinism (?) Southwestern US Bequaert (1940) 
Polistes sp. P. aterrimus Inquilinism (?) Brazil Rodrigues (1968) 
Mischocyttarus M. flavitarsus Inquilinism Western US Zikán (1949) 
flavitarsoides 
Mischocyttarus M. immarginatus Inquilinism Central America or Zikan (1949) 
immarginatoides Mexico 
Mischocyttarus: Mischocyttarus Inquilinism Tropical and Zikan (1949) 
21 spp. spp. subtropical 


Brazil, Paraguay, 
Peru 
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evolutionary scheme for the origin of inquilinism in wasps. 
He suggested that queens belonging to species prone to 
parasitism first tend to usurp the reproductive position in 
alien colonies of their own species. Then, with further 
evolution, they extend this behavior to colonies of other, 
closely related species. Eventually they come to depend 
on interspecific parasitism altogether, and, finally, the 
worker caste is dropped. This is the same sequence be- 
lieved to have been followed by many phyletic lines of 
parasitic ants which evolved along the temporary para- 
sitism route. Since Taylor first postulated this scheme, his 
categories have become well enough documented in the 
wasps, to the exclusion of other conceivable categories, 
that they lend considerable strength to the hypothesis. The 
known cases, arranged according to Taylor’s sequence of 
increasing specialization, are: 

l. Facultative, temporary parasitism within species. It is 
generally true that colonies of polistine wasps are territo- 
rial and aggressively organized. Moreover, the nests of 
Polistes are frequently founded by two or more queens, 
who contend for the alpha position. The alpha individual, 
or “queen” in this purely behavioral sense, dominates the 
brood cells and lays most or all of the eggs, while the other 
females are forced to assume the role of workers. 
Yoshikawa (1955) cited a case in which a Polistes fadwigae 
female arrived at a well-developed nest and usurped the 
alpha position. Later (1963d) he obtained the same result 
by detaching P. fadwigae nests and suspending them 
within 5 cm of each other. Under this abnormal circum- 
stance the alpha individuals consistently contended with 
each other until only one was in a clearly dominant posi- 
tion. Under more natural conditions, when the nest of a 
foundress P. fadwigae female is destroyed, she sometimes 
tries to usurp the nest of another, more successful female 
of the same species. The Vespinae display similar tend- 
encies. T. Shida, in a lecture cited by Sakagami and 
Fukushima (1957b), reported that overwintered queens of 
Vespula lewisii show a strong interest in old nests of the 
same species. Very likely this brings them into contact with 
other queens and established colonies. Janet (1903) de- 
scribed a case in which a queen of Vespa crabro penetrated 
an alien nest of her own species, deposed the original 
queen, and secured adoption by the workers. 

2. Facultative, temporary parasitism between species. In 
their study of the life cycle of Vespa dybowskii, Sakagami 
and Fukushima (1957b) found that overwintered queens 
of this temperate Oriental species are able to start their 
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own colonies independently, but they prefer to enter small 
established colonies of Vespa crabro and usurp the position 
of the mother queen. Sometimes the queens parasitize 
colonies of a second free-living species, V. xanthoptera, 
in the same fashion. The parasitism is facilitated by the 
fact that V. dybowskii emerges from hibernation later each 
spring than the host species, so that vulnerable young host 
colonies are present in large numbers when the dybowskii 
queens begin searching for a nest site. The usurpation 
process has not been directly observed, but the confronta- 
tion is evidently violent in nature, and the host queen does 
not survive. The first offspring of the dybowskii queen are 
workers, and they join in the usual chores side by side 
with the host workers. By the end of the summer the last 
of the host workers have died of natural causes, and the 
colony then consists entirely of dybowskii workers and the 
newly emerged dybowskii males and virgin queens. The 
mixed colonies are striking in appearance, because 
the abdomens of the host workers are brightly banded 
while those of the dybowskii workers are solid black. 
According to Sakagami and Fukushima, rural Japanese 
people are aware of the existence of mixed colonies and 
of the gradual change in the color pattern to a predomi- 
nantly dybowskii type as the season progresses. Taylor 
(1939), on the basis of a single record of a Vespula squa- 
mosa queen in a V. vidua colony in West Virginia, postu- 
lated that squamosa is also a facultative temporary para- 
site. It is perhaps significant that squamosa queens emerge 
from hibernation later than those of vidua. But no further 
conclusions about this case can be drawn until other 
examples are studied. 

3. Obligatory, temporary parasitism between species. 
This stage, so common in the ants, has not yet been 
documented in the social wasps, even though it seems to 
be a probable step in the progression to inquilinism. 

4. Obligatory, permanent parasitism between species 
(inquilinism). The known examples are listed in Table 
19-3. Thanks to the work of de Beaumont and Matthey 
(1945) and of Scheven (1958) we have a clear picture of 
this final evolutionary stage of parasitism in the paper- 
wasp genus Polistes. The three parasitic species of Europe, 
atrimandibularis, semenowi, and sulcifer, are workerless, 
and the queens have completely lost the ability to build 
nests or to care for the young. The degeneration in the 
behavior of the parasites is even more notable in that the 
queens of the host species are fully capable of performing 
such tasks long after they have a worker force to support 
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GALLICUS 


SULCIFER 


FIGURE 19-11. Female heads of Polistes gallicus (left) and 
its social parasite P. sulcifer (right). The parasitic species 
differs in minor details of head shape and coloration as well as 
in its more recurved mandibles, a general characteristic of the 
parasitic members of this genus (from Scheven, 1958). 


them. The parasite queens nevertheless closely resemble 
the host queens in other ways, differing only in minor 
anatomical features such as coloration and the more re- 
curved condition of the mandibles (Figure 19-11). 

At this point it is appropriate to bring up a matter of 
taxonomic procedure. Some specialists have followed the 
practice of splitting off the parasitic species of Polistes as 
a distinct genus bearing the name Sulcopolistes or Pseudo- 
polistes, but this seems to me to be of dubious value. Quite 
apart from the fact that the morphological differences are 
minor, there is every probability that workerless inquilin- 
ism has been derived independently more than once in 
Polistes. In normal taxonomic procedure a genus is de- 
fined as a monophyletic set of similar species set off from 
other genera by stronger characteristics than those ordi- 
narily used to distinguish species. By either criterion 
Sulcopolistes (= Pseudopolistes) does not seem to qualify. 

The relatively slight differences in head structure that 
separate the parasitic species of Polistes from their hosts 
is reflected in the manner in which the queens gain control 
of the host nests. They simply impose themselves as the 
top-ranking (alpha) female, in a manner that does not 
differ significantly from the tactics used by high-ranking 
host females themselves. The parasite approaches her 
chief rival and antennates her vigorously while attempting 
to climb on top of her. Then, if necessary, she bites and 
stings the host queen into submission. Only minor differ- 
ences among the three species have been observed in the 
pattern of movements employed in the attack. The host 
capitulates by crouching down, pulling in her antennae, 
and allowing herself to be mounted. During subsequent 
liquid food exchanges, the parasite always receives rather 
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than donates. She seems to be able to attain her dominant 
position by greater physical strength and staying power. 
But, unlike many of the parasitic ants and apparently 
some of the vespine wasps as well, she does not win by 
virtue of superior mandibular weaponry; nor does she 
normally harm the host females physically. On the con- 
trary, the host queens of colonies conquered by P. atri- 
mandibularis and P. semenowi are permitted to remain on 
the nest near the parasite queen, albeit at a subordinate 
rank in the role of workers. The queens of colonies con- 
quered by P. sulcifer, on the other hand, always disappear. 
But even in this case they seem to leave willingly and only 
rarely are put to death. The parasite invasions usually 
occur in the first half of June, when the nests are still small, 
and in many instances prior to the eclosion of the first 
host workers. This would seem to be the most opportune 
time to invade. Only the nest-founding queens have to 
be subdued, and the host workers, already reared by the 
labor of the nest-founding queens, accept the parasite as 
their queen when they eclose soon afterward. 

It is still uncertain whether inquilinous species of 
Polistes exist in other parts of the world. Very little de- 
liberate search has been made for them. The three species 
listed in Table 19-3 from Africa, the United States, and 
Brazil, respectively, are placed in the inquiline class only 
tentatively, on the basis of morphology and suggestive but 
inadequate field data. Careful observations of the kind 
conducted by Scheven on the European species are greatly 
needed in these regions and other parts of the far-flung 
range of Polistes. 

Our information on social parasitism in the closely 
related New World genus Mischocyttarus comes entirely 
from the report by Zikan (1949), and it is fragmentary 
and puzzling. Zikan did not present data concerning any 
one of the 23 parasitic species he described as new to 
science in this monograph. Instead, he stated that each 
of the parasites resembles its respective host species more 
closely than any other member of the genus, and that in 
each case it differs from the host species by the same set 
of morphological characteristics: the head relatively more 
voluminous, the genae wider, the ocelli smaller, the thorax 
more voluminous and proportionately wider, and the 
pronotal carinae oriented differently. According to Zikan’s 
formula, then, one needs only to specify the diagnostic 
characteristics of the host species and add to them the 
parasitic traits just cited in order to produce the diagnosis 
for the parasitic species. Zikän created the taxonomic 
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name of each parasitic species by taking the base of the 
specific name of its host species and adding the suffix 
-oides. Thus M. fumigatoides parasitizes M. fumigatus, M. 
gracilioides parasitizes M. gracilis, and so forth. Although 
the arrangement is not very satisfying, it is at least plausi- 
ble since the parasitic characters cited are of the kind 
associated with fighting in other aculeate social parasites. 
Also, the close similarity claimed between host and para- 
site conforms with Emery’s rule, already shown to hold 
quite well in other aculeate groups. 

According to Zikän, the life cycle of the Mischocyttarus 
parasites resembles that of parasitic species of Polistes. 
The parasitic queen invades an established nest of the host 
and subordinates the alpha female without killing her. She 
then does nothing but receive care for herself and her own 
brood. Host brood production ceases, and the host popu- 
lation eventually dies out from normal causes. When the 
host colony can no longer support them, the parasites are 
said to leave in search of new host nests. Zikan’s entire 
account is very vague and scanty, and some effort should 
be made to test its validity. 

The permanent social parasites of the Vespinae are less 


FIGURE 19-12. Queens of three socially parasitic species of 
the genus Vespula compared with those of the host species. The 
host species in the top row (silvestris, norwegica, rufa) are 
matched with their respective parasites directly below (omissa, 
adulterina, austriaca). Note that each of the parasites differs 
from its host by its broader head and the more sharply Ë 
bidentate condition of the clypeus; in color pattern, however, 1t 
resembles the host species more closely than either of the two 
remaining free-living species (from de Beaumont, 1958). 
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tolerant of the host queens. According to Weyrauch (1937, 
1938) and de Beaumont (1958), the parasitic Vespula 
queens invade an established host nest and in some man- 
ner dispose of the host queens soon afterward. No one 
has observed the actual elimination, but it is generally 
assumed that the parasites kill the host queens in combat. 
It has at least been established that when two or more 
queens of one of the species, V. omissa, invade a nest, they 
fight to the death until only one remains. The parasites 
are physically well endowed to function as assassins. In 
most cases they are distinguished from the host species 
by their stronger exoskeletons, the closer fitting of their 
abdominal segments, and their strongly developed and 
recurved stings, broader heads, more powerfully built 
mandibles, and more sharply bidentate clypei (see Figure 
19-12). Emery’s rule is exemplified very well in these 
wasps. As shown in Figure 19-13, taxonomists believe that 
the parasitic species of Europe were derived from the same 
immediate ancestral stock as the host species, or else a 
stock very close to it. 


Social Parasitism in Bees 


Cleptoparasitism in the bees has been reviewed by 
Wheeler (1919b), Grütte (1935), and Michener (1944), and 
documented in more recent years by Ellen Ordway (1964), 
Knerer and Atwood (1967), Rozen and Michener (1968), 
and others. It is a very common phenomenon generally 
and is widespread in such principal families as the Ha- 
lictidae, Anthophoridae, Megachilidae, and Apidae. In the 
typical case involving a solitary species, the parasite fe- 
male simply enters a brood cell already provisioned by 
a host female and lays an egg of her own. The rightful 
inhabitant of the cell is then destroyed, either at the outset 
by the parasite female, or later by the parasite larva itself. 
Stelis, a parasitic megachilid genus, contains species that 
use the more common second method. The larvae are 
equipped with sharp, falcate mandibles which they use to 
attack and kill the host larvae; in some cases they also 
eat their victims. 

Unlike the aculeate wasps, the bees do not include any 
known parasitoids in their ranks. This is to be expected 
from a group of species that rarely consume animal pro- 
tein of any kind. On the other hand, members of the 
meliponine genus Lestrimelitta do engage in nest robbing, 
or “cleptobiosis.” Nest robbing, it will be recalled, is com- 
mon in ants but apparently absent in social wasps. Lestri- 
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crabro media silvestris omissa 


adulterina 
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saxonica norwegica vulgaris germanica rufa austriaca 


DOLICHOVESPULA 


VESPA 


VESPULA 


FIGURE 19-13. Emery’s rule exemplified in the European Vespinae. In this phylogenetic diagram of the 
simple branching kind proposed by de Beaumont (1958), the parasitic species (underlined ) are postulated to be 
derived from the same immediate stocks as their hosts. The nature of the origin of omissa (dashed lines), which 
may have come from either the silvestris or saxonica phylads, is uncertain. 


melitta consists of two Neotropical species, limao and 
ehrhardti, and one little-known African species, cubiceps. 
L. limao, a common species from Mexico to Argentina, 
makes its living by invading nests of Melipona and Trigona 
and seizing their stored supplies (Schwarz, 1948; 
Sakagami and Laroca, 1963). The Lestrimelitta lack a 
scopa (corbicula) on the hind legs, which was evidently 
lost in evolution as part of their parasitic specialization. 
Instead, they carry the stolen supplies in their crops and 
later store them in their own storage pots in the form of 
honey-pollen mixtures. The invasion is accompanied by 
the release of a mandibular gland substance with a strong 
lemon-like odor, the principal component of which has 
recently been identified by Blum (1966b) as citral. This 
appears to agitate and drive out the host workers. Some- 
times the L. limao occupy the plundered nest and, like 
the dulotic ants of the genera Harpagoxenus and Poly- 


ergus, multiply their own colonies in this fashion. Robbing 
behavior has also been documented in L. ehrhardti by 
Sakagami and Laroca (1963) and in L. cubiceps by Portu- 
gal-Araüjo (1958). The evolution of the Lestrimelitta 
parasitism is not difficult to imagine. Both Apis and non- 
parasitic meliponines occasionally engage in robbing, both 
within and between species. The Lestrimelitta appear 
simply to have adopted such behavior as an exclusive way 
of life. 

Nest robbing has recently been reported in the Ha- 
lictidae by Knerer and Plateaux-Quénu (1967c). In the 
spring the polygynous hibernating assemblages of young 
Halictus scabiosae females break up, and some of the 
auxiliaries disperse away from the home nest. Many of 
these individuals construct new nests of their own. How- 
ever, others invade the newly founded, monogynous nests 
of other species, most frequently Evylaeus nigripes, and 
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drive out or kill the rightful occupants. It is possible that 
this second behavior is an evolutionary precursor to the 
kind of obligatory cleptoparasitism displayed by more 
specialized halictid genera such as Sphecodes. 

True social parasitism, in which the intruding female 
becomes a part of the host society, is limited to two of 


TABLE 19-4. Socially parasitic bees. 
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the more primitively social groups, namely the allodapines 
and the bumblebees (see Table 19-4). As is the case with 
their equivalents in the ants and wasps, the inquilinous 
bees are usually most closely related to the species, or the 
group of species (the genus), which they parasitize. Thus 
Emery’s rule, which was first articulated for the ants alone, 


America 


Parasite Hosts Form of parasitism Range Authority 
Xylocopidae Tribe 
Ceratinini (the 
“allodapines”) 
Braunsapis associata a Braunsapis unicolor Inquilinism Queensland Michener (1961c, 1970) 
Braunsapis Braunsapis simillima Inquilinism Queensland Michener (1961c, 1970) 
praesumptiosa 
Braunsapis natalica a Braunsapis grandiceps, Inquilinism Natal Michener (1970) 
B. facialis 
Braunsapis breviceps Braunsapis sp. Inquilinism (?) Malaya Michener (1966c, 1970) 
Allodape greatheadi Allodape interrupta Inquilinism (?) Uganda Michener (1970) 
Allodapula Allodapula sp. Inquilinism (?) Cape Province Michener (1970) 
guillarmodi 
Macrogalea mombasae a Macrogalea candida Inquilinism Kenya, Tanzania Michener (1970) 
Inquilina excavata a Exoneura variabilis Inquilinism Queensland Michener (1965b, 
1966c, 1970) 
Nasutapis straussorum a Braunsapis facialis Inquilinism Natal Michener (1970) 
Eucondylops konowi a Allodapula variegata Inquilinism Cape Province, Natal Michener (1970) 
Eucondylops reducta a Allodapula melanopus Inquilinism Cape Province Michener (1970) 
Apidae subfamily 
Bombinae 
Bombus distinguendus a Bombus subterraneus Facultative, Europe Lindhard (cited by Free 
temporary and Butler, 1959) 
parasitism 
Bombus terrestris a Bombus lucorum Facultative, Europe Sladen (1912) 
temporary 
parasitism 
Bombus americanorum a Bombus separatus Facultative, North America Frison (1930); 
temporary Plath (1934) 
parasitism 
Bombus affinus a Bombus terricola Facultative, North America Plath (1934) 
temporary 
parasitism 
Bombus hyperboreus a Bombus polaris Obligatory, North America K. W. Richards (1971) 
permanent 
Psithyrus spp.: 10 in 2 Bombus spp. Inquilinism; North Temperate Free and Butler (1959) 
Europe, 8 in North workerless Zone 


a Hosts in whose nests the parasites have actually been found. The others are close relatives of the parasites and probably serve as hosts. 
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proves to have general applicability throughout the social 
Hymenoptera. The parasites are nevertheless easy to dis- 
tinguish. Richards (1927a) lists no less than 27 morpho- 
logical characteristics by which all known species of the 
parasitic bumblebee genus Psithyrus can be separated 
from the host genus Bombus. and he argues that at least 
15 of these represent adaptations to the parasitic mode 
of life. The number of characteristics generally present in 
parasitic bees are fewer in number and include (Michener. 
1961c): (1) reduction or loss of the pollen-collecting 
scopas: (2) loss of the basitibial and pygidial plates: (3) 
strong development of the sting: (4) development of an 
unusually long and mobile. or otherwise modified. apical 
part of the abdomen: and (5) development of an unusually 
strong and coarsely punctate integument and of ridges and 
spines protecting the neck and base of the metasoma. All 
of these features appear to be either reductions associated 
with the lack of a need to construct and provision nests 
or else adaptations for defense against attacking host 
females. The loss of the scopa (see Figure 19-14) is re- 
garded as the hallmark of parasitism since. without the 
structure, the females cannot provision their own nests 
with pollen. 

The existence of true inquilines among the allodapine 
bees has recently been established bevond much doubt. 
but information on their biology is still fragmentary. From 


FIGURE 19-14. The hind leg of the socially parasitic queen 
of Psithyrus rupestris (left) lacks the fringe of hairs (corbicula) 
on the tibia used in collecting pollen: that of the queen of 
Bombus lapidarius (right), a free-living species, possesses it 
(from de Beaumont, 1958; after Sladen, 1912). 
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comparisons of many nests collected in Australia. for 
example. Michener (19656) concluded that Inguilina ex- 
cavara females somehow enter the stem nests of Exoneura 
variabilis and induce the little colonies to adopt them. The 
Exoneura egg lavers are tolerated by the parasites and. 
in some cases at least. are permitted to lay eggs. Exoneura 
brood are not allowed to mature, however: probably the 
Inquilina females eat the eggs before thev hateh. Onlv 
Inquilina females and males grow up in the infested nests. 
Eventually the last of the Exoneura die off. leaving pure 
groups of Inquilina to occupy the nests temporarily. But 
the Jnquilina are not able to carry on by themselves. Ther 
have reduced scopas, have never been observed to visit 
flowers. and evidently must receive all of their food di- 
rectly from their Exoneura hosts. A second allodapine 
parasite discovered by Michener (19610), Allodapıla as- 
sociara, is unique in that it still pessesses well-developed 
pollen hairs. Since individuals were found in the nests 
of A. unicolor with pollen clinging to the hairs, Michener 
inferred that the inquilines cooperate in foraging. If this 
interpretation is correct, A. asseciaza represents the earliest 
stage of inquilinism vet recorded in the bees. one fully 
comparable with the primitive state exemplified by Avidris 
in the ants. 

The bumblebee parasites have been much mere thor- 
oughly studied, by Kirby (1802), Lepeletier (1832), and 
Hoffer (1888) and, more recently, bv F. W. L. Sladen. 
O. E. Plath, T. H. Frison, and others. The newer literature 
has been reviewed by de Beaumont (1958) and Free and 
Butler (1959). Social parasitism in the bumblebees springs 
directly from the aggressive organization of their colonies. 
A strong tendency toward the habit is displaved by some 
of the free-living species of Bombus themselves. The 
queens of B. lapidarius and B. terrestris, for example. 
occasionally invade established nests and trv to overthrow 
the foundress queen. In such cases the foundress and her 
worker offspring fight back to retain possession, often to 
the death. Multiple invasions frequently occur: in one 
extreme case Sladen found the corpses of 20 B. terrestris 
queens piled up in a single nest. Free (196 la) used exper- 
imental introductions to observe the invasion process 
directly. His notes are worth quoting: “On several occa- 
sions I introduced the dominant bee of one queenless 
colony to another. On such occasions the two dominant 
bees always singled each other out and often attempted 
to bite and to clasp each other as though te sting. although 
they never actually did so. However, within a few minutes 
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one of them (mostly the introduced bee) hid in a corner 
of the nest box. When I returned the introduced bee to 
its own colony its status there depended on whether it had 
been dominated in the strange colony. When it had been 
dominant in the strange colony, it was invariably domi- 
nant on return to its own. When it had been beaten in 
the strange colony, it was nearly always dominated on 
return to its own, the bee which dominated being that 
which had previously been the second dominant. These 
experiments show that although a bee’s social status in 
one of these queenless colonies largely depends on the 
amount its ovaries are developed, other factors such as 
memory of previous conflicts, and familiarity with the 
territory on which it is fighting may also play a part.” 

Thus the “mental set” of a given bumblebee queen can 
tip the balance to victory or defeat. It would seem an easy 
evolutionary step for the queens of intrinsically more 
aggressive species to move in on colonies belonging to 
other, relatively docile species. Something like this appears 
to have occurred repeatedly in the evolution of the bum- 
blebees. The queens of certain species of Bombus, includ- 
ing terrestris itself, as well as affinus, americanorum, and 
distinguendus, occasionally conquer the nests of other 
Bombus species. The host workers then rear the alien 
brood, which develops into normally functioning workers. 
As the original host workers gradually die off from natural 
causes and are replaced by the expanding population of 
parasites, the colony becomes indistinguishable from one 
founded by a queen in the usual, independent manner. 

In Psithyrus, the all-parasitic genus of bumblebees, and 
in Bombus hyperboreus, the queens are permanent in- 
quilines in the nest of free-living Bombus and do not 
produce a worker caste. Their behavior is nevertheless not 
radically different from the dominant queens of the free- 
living and temporarily parasitic species of Bombus. The 
young Psithyrus queens are fecundated at the end of the 
summer, and they normally overwinter in cavities in the 
ground, just like young Bombus queens. They emerge later 
in the following spring than do the queens of the host 
species and seek out the nests when the host colonies are 
already well along in development. The behavior of the 
Psithyrus females on entering the nests varies greatly 
among species and possibly among individuals belonging 
to the same species as well. In some cases, if we are to 
believe all of the differing accounts, the parasite queen 
at first attempts to avoid contact with the inhabitants, 
hiding under the comb and nesting material. When ap- 
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proached, she uses a calm, deliberate manner to ingratiate 
herself. The queen of Psithyrus variabilis, a species be- 
longing to this conciliator category, responds to attack by 
drawing her legs close to her body and remaining mo- 
tionless for long periods of time (Frison, 1926). The heavy 
sclerites and tough intersegmental membranes of the 
intruder usually protect her, and as Sladen (1912) has put 
it, “the workers soon cease to show any hostility towards 
her. Even the queen grows accustomed to the presence 
of the stranger, and her alarm disappears, but it is suc- 
ceeded by a kind of despondency. Her interest and pleas- 
ure in her brood seem less, and so depressed is she that 
one can fancy she has a presentiment of the fate that 
awaits her. It is by no means a cheerful family, and the 
gloom of impending disaster seems to hang over it. But 
while the queen grows more dejected, the Psithyrus grows 
more lively, and takes an increasing interest in the comb, 
crawling about over it with unwonted alacrity, and ex- 
amining it minutely.” 

What the invaded colony experiences, of course, is not 
exactly a presentiment of doom but simply a demotion 
within the dominance hierarchy as the Psithyrus female 
assumes the alpha position. The females of some species 
of Psithyrus, according to Free and Butler (1959), achieve 
the same result by direct assaults on the host colony. A 
queen using this method grapples with the defending 
workers and makes preliminary stinging motions, but 
usually releases them before following through. The 
treatment gradually subdues the workers. Sometimes the 
defenders “ball” the Psithyrus, swarming over her in such 
numbers as to cover her with a sphere made up of their 
own bodies. And occasionally the Psithyrus is killed. This 
happens when a Bombus worker is able to sting her in 
the neck or in one of the few other vulnerable spots on 
her body. Sladen reported that the queens of two species 
occurring in England, Psithyrus rupestris and P. vestalis, 
always kill the host queens. In contrast, Plath (1922) found 
that queens of the American species P. ashtoni and 
P. laboriosus rarely, if ever, kill the host queens; instead, 
they are permitted to live in subordinate positions in the 
nests. Whatever the details, all observers agree that the 
parasite females at least permit no more Bombus to be 
reared. In the tyrannical manner employed by alpha 
Bombus queens themselves, the parasites try to prevent 
the Bombus foundress and workers from laying eggs in 
their own cells. When eggs are deposited, the Psithyrus 
promptly destroy them. 
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Although the taxonomic evidence is still equivocal 
(Richards, 1927a; Free and Butler, 1959), the species of 
Psithyrus appear in at least some cases to have been 
derived independently from a common stock with the host 
species. Richards (1927a, 1953b) has presented a plausible 
model of how such parasitism might arise in these and 
other groups of bees in the North Temperate Zone. Start- 
ing with the cardinal fact that parasitic queens emerge 
later in the spring than their hosts, he reasoned that the 
precondition for parasitism is the existence of two closely 
related species, one northern in distribution and the other 
southern. When the southern species penetrates the range 
of the northern species, it will at first tend to emerge later 
in the spring than the northern species within the zone 
of overlap. A second precondition, which has been well 
documented in some species of Bombus, is the tendency 
for queens to invade colonies of their own species. Given 
the availability of a closely related species which already 
has well-developed colonies and which, in the initial stages 
of range invasion, is more abundant as well, there might 
be a tendency for the invader to evolve in the direction 
of interspecific parasitism. And as the parasitism advances 
from the facultative temporary state to complete inquilin- 
ism, the range of the southern invader would be wholly 
absorbed within that of the host species. Richards’ hy- 
pothesis could be tested by carefully examining the ranges 
of many species in various degrees of parasitism to see 
if the predicted correlation exists. This has not, to my 
knowledge, been attempted for the bumblebees. In the 
ants and social wasps at least, where good distributional 
data are available, the model does not seem to fit well. 
To take one conspicuously contrary example, Vespa 
dybowskii is a facultative temporary parasite of V. crabro 
and V. xanthoptera in the temperate part of Asia; in other 
words, it is at the earliest stage in the hypothesized scale 
of evolution. Yet it is located in the northern parts of the 
ranges of its hosts. 


Social Parasitism in Termites 


True inquilinism is unknown in termites. Instead, 
members of three genera, Ahamitermes, Incolitermes, and 
Termes, have become what might be termed “nest para- 
sites” on other kinds of termites. That is, they have spe- 
cialized on living in cavities in the nest walls of their hosts 
and feeding on the carton material that makes up the nest 
walls. The alate forms of two of the species, Incolitermes 
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pumilis and Termes insitivus, even go so far as to enter 
the host chambers occasionally and to mingle briefly with 
the host colonies. The situation has no exact parallel in 
any of the other social insects, but in its extreme form 
it approaches xenobiosis in ants. 

Mound-building termites are strongly vulnerable to this 
form of parasitism. The mounds are solidly constructed, 
often the most durable features of the ground environ- 
ment. They offer conspicuous landmarks for flying alates. 
They also provide unusually favorable microenvironments 
for colonization if the alates are able to remain hidden 
in the mound walls and to avoid contact with the hostile 
inhabitants. Numerous cases have been reported where 
colonies of two or more termite species live in close asso- 
ciation, and these commonly represent different genera 
or even different families. Frequently the relationship is 
exploitative, one species appropriating part of the nest of 
another. For example, of 150 species studied by Ernst 
(1960) in Africa, 70 percent were at least occasionally 
disturbed by other species encroaching on their nests. The 
vast majority of such associations around the world appear 
to be fortuitous. Species of the closely related Australian 
genera Ahamitermes and Incolitermes have, however, be- 
come true obligatory nest parasites (Hill, 1942; Calaby, 
1956; Gay, 1956, 1966). The three species of Ahamitermes, 
hillii, inclusus, and nidicola, are rare and local in distribu- 
tion. Each builds its nests exclusively in the large mounds 
of one or two species of the rhinotermitid Coptotermes. 
The arrangement of the two colonies is intimate, as ex- 
emplified in Figure 19-15. The Ahamitermes, whose colo- 
nies are much less populous than those of the hosts, ap- 
pear to feed exclusively on the carton material of the host 
nest. The two species maintain themselves strictly apart. 
Even when larger Ahamitermes colonies occupy a consid- 
erable portion of the inner section of the compound nest, 
they never encroach on the Coptotermes nursery or extend 
downward below the level of the center of the nursery. 
They construct a small dome to one side of the Copto- 
termes mound, which provides a private escape route for 
their alate reproductives at the time of the nuptial flight. 

The closely related species Incolitermes pumilis, only 
recently removed from Ahamitermes and placed in its own 
genus by Gay (1966), has taken the association with 
Coptotermes one step further. The parasitism is essentially 
like that of Ahamitermes, except that the Incolitermes do 
not build a lateral dome or any other form of escape route 
to accommodate their alate reproductives. Limited obser- 
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AHAMITERMES GALLERIES 
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COPTOTERMES NEST 
CENTRAL SECTION 


FIGURE 19-15. A diagrammatic cross section of a 
Coptotermes acinaciformis mound occupied by a colony of the 
parasitic termite Ahamitermes hillii (from Calaby, 1956). 


vations by Calaby (1956) indicate that at some time prior 
to the nuptial flight of the Coptotermes, the Incolitermes 
alates enter the Coptotermes chambers and mingle with 
the host alates. When the Coptotermes alates emerge 
through the top of the mound for the nuptial flight, the 
Incolitermes depart with them. 

A parallel series of adaptations are displayed within the 
genus Termes in South America, Africa, and Australia 
(Emerson, 1938; Hill, 1942; Skaife, 1954a). Most species 
are facultative in their relation to other mound builders, 
frequently but not invariably attaching themselves to the 
nests of members of such dominant genera as Amitermes 
and Coptotermes. According to Emerson, however, T. in- 
quilinus has been found only in association with Con- 
strictotermes cavifrons, a South American rain-forest spe- 
cies that constructs carton nests on the undersurface of 
slanting tree trunks. The T. inquilinus colonies appear to 
subsist on the carton material, and, like Ahamitermes, they 
do not mix directly with their hosts. A similar relationship 
is believed to exist between Termes fur and Constricto- 
termes cyphergaster. One tantalizing set of observations 
published by Hill (1942) suggests that the Australian 
species T. insitivus may be at least as advanced a xenobi- 
ont as Incolitermes. Nymphs and alates of this rare species 
have been found in galleries of Nasutitermes magnus, 
mingled with the host colony. The nonreproductive castes 
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of T. insitivus have not been found, and the precise nature 
of the association remains unknown. 

Thus with the remotely possible exception of Termes -~ 
insitivus no case of true inquilinism, in which the parasitic 
species has been integrated into the society of the host 
species, has ever been demonstrated in the termites. Why 
does this sharp difference from the social Hymenoptera 
exist? It cannot be that termite colonies are especially 
xenophobic and hence incapable of adopting strange 
species. The truth is that large numbers of species of 
beetles, flies, and other arthropods have managed to in- 
sinuate themselves as adopted members of termite colo- 
nies. Some, moreover, are highly modified for a socially 
parasitic life and are cared for by the workers with the 
same kind of attention lavished on the termite repro- 
ductives. So instead we must look for some feature of the 
life cycle of termites that makes it unlikely that parasitism 
is ever attempted. This has proved quite easy to find: 
termite reproductives seldom if ever attempt to reenter 
colonies of their species following the nuptial flights. It 
will be recalled that this preadaptive form of colony- 
founding behavior is most prominently developed in just 
those groups of social Hymenoptera, namely certain 
groups of the ants, the social wasps, and the bumblebees, 
where parasitism of all kinds is at a peak. To be sure, 
parasitism is absent in the stingless bees and honeybees, 
even though the fecundated queens reenter nests of their 
own species. But in these groups the queen returns spe- 
cifically to her home colony, and her behavior comprises 
only one stereotyped element in an unusually complex 
nest-founding pattern. It therefore seems that the only 
readily available evolutionary route left open to the ter- 
mites is xenobiosis derived from nest parasitism. But 
xenobiosis involves hosts of different genera or even 
different families and, as has been clearly shown in the 
ants, it is the least likely means of attaining the final state 
of inquilinism. 


Parasitism between Major Groups of 
Social Insects 


I know of no convincingly documented case of a species 
belonging to one of the major groups of social insects that 
lives as a social parasite in the nest of a species belonging 
to another major group. In other words, bumblebees do 
not parasitize vespid wasps, vespid wasps do not parasitize 
ants, and so on. The one possible exception to this rule 
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is Stigmacros termitoxenus, a peculiar Australian formi- 
cine ant discovered by Wheeler (1936a) in a nest of the 
termite Tumulitermes peracutus. Here is Wheeler’s account 
of the single collection made: “On September 18, 1931, 
near Mullawa, West Australia, I came upon a colony of 
diminutive termites nesting under a flat stone in earthen 
galleries which they had built in a bunch of dry grass. 
On breaking open one of the galleries I saw several ants 
of the same size and color as the somewhat more numer- 
ous termites and moving about among them. After care- 
fully collecting the occupants of the gallery and making 
allowance for escaping individuals, the ant-colony was 
found to comprise only 25 to 30 workers and a single 
ergatomorphic female (queen). I failed to find any ad- 
ditional ants in the termitary and saw no traces of their 
brood. The female and more than half the workers at- 
tracted my attention because their gasters were enor- 
mously distended . . . This distension (physogastry) was 
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not due to liquid stored in their crops but to an unusual 
accumulation of fat. . . The ants belong to an undescribed 
species of Stigmacros, an exclusively Australian genus of 
which eleven species are described and of which Mr. John 
Clark and I have taken quite a number of unpublished 
forms. Although I have examined hundreds of Stigmacros 
from numerous localities in Eastern, Southern and West- 
ern Australia, I have seen no traces of physogastry except 
in the Mullawa specimeris. Since the ants were living in 
what appeared to be friendly relations with their hosts, 
I suspect that they are fed by the termite workers and that 
the physogastry of the female and so many of the workers, 
like the physogastry of the termite workers and queens, 
is a result of this feeding.” Wheeler’s argument is far from 
convincing, but the phenomenon he suggests is so ex- 
traordinary as to warrant a special effort to rediscover and 
study in detail the biology of S. termitoxenus. 


20 Symbioses with Other Arthropods 


Sphecophiles, Myrmecophiles, Melittophiles, 
Termitophiles 


A remarkable legion of animal species exploits the colo- 
nies of social insects in one way or another. Most do so 
only occasionally, functioning as casual predators or tem- 
porary nest commensals. But a great many others are 
dependent on social insects during part or all of their life 
cycles. Depending on the identity of the host, such species 
are referred to as sphecophiles (symbionts of social wasps), 
myrmecophiles (symbionts of ants), melittophiles (sym- 
bionts of social bees), or termitophiles (symbionts of ter- 
mites). Within the scope of obligatory relationships, it is 
customary to apply broad definitions of these symbiotic 
categories.* Among the myrmecophiles, for example, 
should be included the Australian carabid beetle Sphallo- 
morpha colymbetoides, the larvae of which excavate 
cicindellid-like burrows at the edge of meat-ant nests 
(Iridomyrmex) and make their living snatching worker 
ants (B. P. Moore, personal communication). Also in- 
cluded are the carabids of the genus Helluomorphoides, 
which follow the trails of army ants (Neivamyrmex), prey 
on their brood, but do not live in the bivouacs (Plsek et 
al, 1969; Topoff, 1969); and perhaps even the tachinid 
and conopid flies that follow army ant raids in order to 


*In this book symbiosis is defined in the sense usually employed by 
American biologists, to include all categories of close and protracted 
interactions between individuals of different species, rather than in the 
narrower European sense of an exclusively beneficial interaction. Ac- 
cordingly, three principal kinds of symbiosis can be recognized: para- 
sitism, in which one partner benefits as the other suffers; commensalism, 
in which one partner benefits and the other is not affected either way; 
and mutualism, in which both species benefit. 


parasitize the cockroaches and crickets flushed into the 
open by the ants (Rettenmeyer, 1961b). On the other 
hand, I would exclude, somewhat arbitrarily and for pur- 
poses of convenience, a large number of species belonging 
to such groups as the nematodes, squamiferid isopods, 
polyxenid millipedes, coreid and mirid bugs, psocopterans, 
and many others, which sometimes abound in and around 
ant and termite nests but are capable of completing their 
whole life cycles elsewhere. 

Although a respectable list of vertebrate species, in- 
cluding synbranch eels, frogs, lizards, snakes, birds, and 
small- and medium-sized mammals, occasionally live with 
social insects or prey upon them, very few are specialized 
for such an association (Myers, 1929, 1935; Hindwood, 
1959; Scherba, 1965). The Rufous Woodpecker, Microp- 
terus brachyurus, of tropical Asia hollows its nest cavities 
in the arboreal carton nests of ants belonging to the genus 
Crematogaster. It feeds on the ants, which are allowed to 
run freely through the nest cavities without doing visible 
harm to the birds nesting inside. The Gartered Trogon 
(Trogon caligatus) of South America excavates its nest 
cavities in the carton nests of polybiine wasps, eating the 
adult inhabitants as it proceeds. In Trinidad the Green- 
winged Parakeet (Forpus passerinus viridissimus) almost 
invariably nests in the carton nests of termites. The 
aardvarks (genus Orycteropus) prey on mound-building 
termites in Africa and construct their burrows in the nests 
of the insects. Although myrmecophiles, sphecophiles, and 
termitophiles thus exist among the vertebrates, the vast 
majority of obligate symbionts are arthropods, and it is 
among these organisms that the most striking adaptations 
for life with social insects have taken place. In the follow- 
ing analysis of this subject, particular attention will be 
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paid to the arthropod species that have actually insinuated 
themselves into the social organization of their hosts. The 
means by which the symbionts have “broken the code” 
of their hosts is, in my opinion, the single most interesting 
aspect of the biology of these insects, and one which is 
only now beginning to yield to experimental investigation. 
Before approaching this phenomenon, however, it is nec- 
essary to review the background of symbiosis more com- 
prehensively, with due attention to the complicated history 
of the subject. 

Erich Wasmann initiated the modern study of arthropod 
symbionts. Beginning in 1894, he used a simple classifica- 
tion that divides species into five behavioral categories: 

1. Synechthrans. These arthropods are treated in a 
hostile manner by the social insects among whom they 
live. They are scavengers and predators for the most part, 
and they manage to stay alive by greater speed and agility 
or the use of defensive mechanisms such as repellent 
secretions and retraction beneath shell-like body forms. 

2. Synoeketes. These arthropods, which are also pri- 
marily scavengers and predators, are ignored by their hosts, 
either because they are too swift, as, for example, the 
Cyphoderus collembolans, or else very sluggish and ap- 
parently neutral in odor, as, for example, the syrphid fly 
larvae of the genus Microdon. 

3. Symphiles. Also referred to occasionally as “true” 
guests or myrmoxenes (in the case of myrmecophiles), 
these symbionts are accepted to some extent by their hosts 
as though they were members of the colony. In a few cases 
the hosts do nothing more than inspect them and carry 
them about from time to time, but there also exist species 
that are groomed, fed, and even reared with the hosts’ 
own larvae. 

4. Ectoparasites and endoparasites. These arthropods 
are conventional parasites that either live on the body 
surfaces of their hosts, licking up their oily secretions, 
stealing food from them, or biting through the exoskeleton 
and feeding on their blood, or else penetrate the body 
itself as true parasites or parasitoids. No further account 
will be taken of the latter category here since it is com- 
prised, for the most part, of species of wasps, flies, mer- 
mithid nematodes, and other organisms whose parasitic 
behavior is not ordinarily distinguishable from that of 
similar species that prey on nonsocial insects. 

5. Trophobionts. These are the phytophagous homop- 
terans and lycaenid and riodinid caterpillars that are not 
dependent on the social insects for food but actually 
supply their hosts with food in the form of honeydew. In 
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exchange, they receive protection from parasites and 
predators. 

To complete the terminology, a distinction must be 
made between ectosymbionts, those organisms that live on 
or among their hosts, and endosymbionts, which are inter- 
nal parasites. 

Wasmann’s scheme was accepted and popularized by 
Wheeler, who provided thorough and creative reviews in 
his own work (1910, 1923, and 1928). Wheeler had a 
special liking for parasitology, and some of his best and 
most authoritative writing was on this subject. With the 
accumulation of more detailed information on the behav- 
ior of the symbionts in recent years, however, the Was- 
mannian classification has turned out to be considerably 
less than perfect. Symphiles, for instance, do not always 
exist on the charity of their hosts, grooming and soliciting 
food from them as Wasmann and his contemporaries 
believed. Many of the species prey on the hosts and their 
offspring at the same time that they are being treated 
amicably by them. More importantly, a few myrmeco- 
philes fit more than one category at different times. Cer- 
tain North American species of the scarab genus Crema- 
stocheilus, for example, were recently discovered by Cazier 
and Mortenson (1965) to be obligate predators of the 
larvae of the ant genus Myrmecocystus—the first recorded 
case of primarily predatory behavior within the Scar- 
abaeidae. The reactions of the ants toward the Crema- 
stocheilus are ambivalent. Under some circumstances a 
given beetle is treated as a synechthran. Several workers 
seize it, forcibly haul it out of the nest, and dump it 
somewhere in the refuse zone. Moments later, the same 
individual may be greeted by another worker of the same 
colony, who then attempts to pull it back in the direction 
of the nest. The Cremastocheilus adults are furnished with 
tufts of golden hairs (“trichomes”) at the anterior and 
posterior corners of the thorax. Cazier and Mortenson 
believe that these structures dispense a substance which 
is attractive to the ants and causes them to escort the 
beetles into the nest. In short, the ants treat the beetles 
sometimes as synechthrans and sometimes as symphiles. 
Most of the time, however, the Cremastocheilus have the 
status of synoeketes, that is, they are simply ignored and 
allowed to wander through the nest without interference. 
A second, and even more instructive example has been 
provided by Bert Hölldobler’s study of Amphotis margi- 
nata in Europe. These nitidulid beetles make their living 
by waiting along the odor trails of the common formicine 
ant Lasius fuliginosus and soliciting food from home- 
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ward-bound workers. They accomplish the latter goal with 
surprising ease, simply by drumming their mouthparts on 
the labia of the ants in imitation of the tarsation signal 
used by the ants themselves to initiate food exchange. A 
worker thus approached is usually fooled into disgorging 
a drop of liquid from its crop and holding it for a while 
between its mandibles while the beetle feeds. A short time 
later, when it somehow becomes aware that something is 
wrong, it retracts the drop and attacks the Amphotis. The 
beetle is able to protect itself by pulling in its appendages 
beneath its carapace-like dorsum and sitting tight on the 
ground. Such fluctuating behavior on the part of the host 
will probably prove widespread as more examples of 
imperfectly adapted symbionts are studied in detail. In 
spite of such occurrences, the Wasmann nomenclature 
continues to be useful in designating the majority of cases, 
and it is frequently employed as a kind of shorthand in 
the literature on social symbioses. 


The Diversity of Ectosymbionts 


Table 20-1 provides a good idea of the great range of 
arthropods that have become obligate ectosymbionts. 
Many thousands of species, representing at least 17 orders, 
120 families, and hundreds of genera, are involved in such 
a relationship. This list is undoubtedly far from exhaus- 
tive, despite the fact that it was prepared with the help 
of many entomologists who specialize in the individual 
orders and families cited. The literature on myrmecophiles 
and termitophiles in particular is enormous and growing 
rapidly each year, much of it consisting of incidental notes 
buried in taxonomic and ecological studies of selected 
genera and higher taxa, not all of whose species are sym- 
biotic in their behavior. Among the generalizations that 
can be made is the obvious one that certain taxa are much 
more preadapted for life as ectosymbionts than others. 
The Acarina, for example, are the foremost representatives 
among ectosymbiont species in terms of sheer numbers. 
They find easy entry into nests either as scavengers, too 
docile and small to be evicted by their hosts, or as ecto- 
parasites adapted for life on the body surfaces of the hosts. 
In the past, mites have been the least studied of all the 
major symbiotic arthropods, and probably many genera 
and species remain to be discovered. They are rivaled in 
diversity by the staphylinid beetles, a family of approxi- 
mately 28,000 species. There are over 2,000 species in the 
Aleocharinae alone, the subfamily to which most of the 
symbiotic forms belong. Staphylinids, like acarines, are 
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predisposed to life in ant and termite nests by virtue of 
their preference for moist, hidden environments and the 
role they commonly assume as generalized scavengers and 
predators. According to Seevers, at least fourteen phyletic 
lines of staphylinids have produced termitophiles inde- 
pendently, while others have entered into close associa- 
tions with doryline army ants. These beetles fill a variety 
of niches within the nests of their hosts, and they have 
been particularly successful at integrating themselves as 
symphiles. Both the mites and the staphylinids exemplify 
the rule that the largest proportion of ectosymbionts, 
insofar as they can be judged by comparison with their 
closest relatives, have been derived from subterranean or 
cryptobiotic, medium-sized arthropods that originally lived 
as generalized predators and scavengers. 

By far the greatest diversity of species of myrmecophiles 
and termitophiles, measured either per host species or per 
host colony, are found with host species that form excep- 
tionally large mature colonies. The ultimate of this trend 
is found in the great faunas of symbionts that live with 
the doryline army ants, the meat ants of the genus Irido- 
myrmex, and the nasutitermitine and macrotermitine ter- 
mites, the nests of which normally contain from tens of 
thousands to millions of inhabitants. An exceptional vari- 
ety of guests has also been recorded from the large colo- 
nies of Hypoclinea in tropical Asia and the north temper- 
ate species of the Formica rufa group. By contrast, very 
few symbionts are known from nests of species with the 
smallest mature colony sizes, such as the majority of the 
ponerine and dacetine ants and the kalotermitid termites. 

This rule of population size lends itself readily to theo- 
retical analysis. The insect colony and its immediate envi- 
ronment can be thought of as an island which symbiotic 
organisms are continuously attempting to colonize. In 
general, species with the largest mature colony size also 
enjoy the longest average span of mature colony life. 
When colony life is long, the probability that symbiotic 
propagules will penetrate a given colony at some time or 
other is high. It is also true that if the colony size is large 
the equilibrial population size of its symbionts will be 
proportionately large and their species extinction rate 
(measured as the number of symbiont populations going 
extinct per colony per unit of time) will be correspondingly 
low. Finally, the more individuals in a colony, the more 
diverse the microhabitats presented by its nest and the 
greater the potential diversity of symbiont species. In sum, 
large colony size enhances three factors—long colony life, 
low symbiont extinction rates, and high microhabitat 


TABLE 20-1. Ectosymbionts of social insects. 


Taxa 


Hosts 


Biology 


Selected references 


Oe 


ISOPODA 


Squamiferidae (Platyarthrus) 


Porcellionidae 
(Metaponorthus) 


Schobliidae (Schoblia, 
Termitoniscus) 


PSEUDOSCORPIONIDA 
Cheliferidae (Dasychernes) 


ARANEA 
Clubionidae (Phrurolithus) 
Clubionidae (Andromma) 


Oonopidae (Brucharachne, 
Myrmecoscaphiella) 


Oonopidae (Oonops, 


Dysderina, Gamasomorpha) 


Theridiidae [Thymoites 
(= Brontosauriella)| 


ACARINA 
Circocyllibanidae, 
Coxequesomidae, 
Laelaptidae 


Planodiscidae, Scutacaridae 


Macrochelidae, 
Neoparasitidae, 
Pyemotidae 


Possibly: Acaridae, 
Anoetidae, Ereynetidae, 
Hypochthoniidae 


Antennophoridae, 
Laelaptidae 


Laelaptidae 
Gamasidae, Uropodidae 


Gamasidae 
Scutacaridae (Acarapis) 


Parasitidae (Parasitus) 
Uropodidae (Uropoda) 


DIPLOPODA 
Stylodesmidae 
(Calymmodesmus, 
Rettenmeyeria, 
Yucodesmus) 


Many ant genera 
Messor 


Termites: Termes, 
Macrotermes 


Stingless bees: Melipona 


Ants: Crematogaster 
Termites: Macrotermes 
Army ants: Eciton 


Termites: Capritermes, 
Eutermes 


Termites: Eutermes 


Ecitonine army ants 


Ecitonine army ants 
Ecitonine army ants 


Ecitonine army ants 


Nonlegionary ants 


Stingless bees: Melipona, 
Trigona 

Stingless bees: Melipona, 
Trigona 


Stingless bees: Trigona 
Honeybees 


Bumblebees 


Termites: Cornitermes, 
Eutermes, Glyptotermes 


Ecitonine army ants 


Scavenge, occasionally attend 
aphids 
Feed on stored grain 


2 


Found exclusively in the nests; 


possibly predaceous on hosts 


Phoretic on adults 


Phoretic on legs of adults 


Phoretic and ectoparasitic on 
adults and larvae 


? 


Phoretic on adults, live on 
regurgitated food 
? 


Scavengers and ectoparasites 


Ectoparasites (?) 


Some species are ectoparasitic 
on adults 
9 


Scavengers 


Scavengers, treated as 
symphiles 
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Bernard (1968) 
Bernard (1968) 


Verhoeff (1939) 


Salt (1929) 


Emerton (1911) 
Fage (1938) 
Fage (1938) 
Bristowe (1938) 


Bristowe (1938) 


Rettenmeyer (1961c) 


Rettenmeyer (1961c) 
Rettenmeyer (1961c) 


Rettenmeyer (1961c) 


Janet (1897b); Wheeler (1910); 
Bernard (1968) 

Salt (1929) 

Wheeler (1910); Bernard (1968) 


Salt (1929) 
Morgenthaler (1968) 


Free and Butler (1959) 
Hirst (1927) 


Rettenmeyer (1962c) 


TABLE 20-1 (continued). 
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Taxa 


(Possibly some species of 
Blaniulus, Nopoiulus, 
Polydesmus, Polyxenus) 

(Leuritus, Stenitus, 
Gasatomus, Tidopterus) 


COLLEMBOLA 

Entomobryidae 
(Cyphoderinae: 
Calobatinus, Cephalophilus, 
Cyphoda, Cyphoderodes, 
Cyphoderus, Cyphoderinus, 
Megacyphoderus, 
Serroderus, and others) 

Entomobryidae 
(Lepidocyrtinus, 
Lepidoregia) 

Isotomidae (Zsotominella) 

Oncopoduridae 
(Oncopodura) 


THYSANURA 
Nicoletiidae (Grassiella, 
Trichatelura) 
Nicoletiidae (Atelura) 


Probably other genera: 
(Assmuthia, Crypturella, 
Lepisma, Lepismina, 
Allatelura, Atopatelura, 
Braunsina, Ecnomatelura, 
Metriotelura, Neatelura, 
Platystylea) 


ORTHOPTERA 
Gryllidae (Myrmecophila) 


BLATTARIA 
Attaphilidae (A ttaphila) 


Atticolidae (A tticola, 
Myrmecoblatta, 
Myrmeblattina, Phorticolea) 


Nothoblattidae (Nothoblatta) 


Euthyrrhaphidae 
(Sphecophila) 
Euthyrrhaphidae (Tivia) 


Hosts 


Nonlegionary ants 


Termites: Nasutitermes 


Many ant and termite 


species, as well as stingless 


bees 


Termites 


Termites: Acanthotermes 
Termites 


Ecitonine army ants 
Many ant species 


Ants and termites 


Many ant species 


Fungus-growing ants: Atta, 
Acromyrmex 


Fungus-growing ants 


Fungus-growing ants 
Wasps: Polybia 


Termites 


Biology 


Scavengers 


Scavengers; some extreme 
termitophiles lick exudates of 
the queen, steal regurgitated 
food, or eat symbiotic fungi. 


Probably scavengers 


Probably scavengers 
Probably scavengers 


Groom hosts, feed on their prey 


Steal regurgitated food 


? 


Lick host secretions 


Lick host secretions 


Selected references 


Donisthorpe (1927); 
Manfredi (1949); 
Bernard (1968) 


Chamberlin (1923) 


Salt (1929); Delamare 
Deboutteville (1948) 


Delamare Deboutteville (1948) 


Delamare Deboutteville (1948) 
Delamare Deboutteville (1948) 


Rettenmeyer (1963b) 


Janet (1896); Wheeler (1910); 
Pohl (1957) 

Escherich (1905); 
Folsom (1923); 
Wygodzinsky (1961); 
Joseph and Mathad (1963) 


Wheeler (1900a, 1910); 
Bernard (1968) 


Wheeler (1900b, 1910); Roth 
and Willis (1960); Princis 
(1960); Moser (1964) 

Roth and Willis (1960); 
Princis (1960) 


Roth and Willis (1960); 
Princis (1960) 

Shelford (1906); Roth and 
Willis (1960); Princis (1960) 

Shelford (1907); Rehn (1926); 
Roth and Willis (1960); 
Princis (1960) 
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TABLE 20-1 (continued ). 
Taxa 


Homoeogamiidae (Ergaula) 
Nocticolidae (Nocticola) 


Oulopterygidae (Oulopteryx) 
HOMOPTERA 
Aphididae, Coccidae, 


Pseudococcidae, 
Chermidae, Cercopidae, 


Membracidae, Fulgoridae, 


Jassidae 
Membracidae 


Membracidae 


Termitococcidae 
(Termitococcus) 


Jassidae (Ulopella) 


HEMIPTERA 
Termitaphididae 
(Termitaphis, 
Termitaradus) 
Vianaididae (Vianaida, 
Anommatocoris, 
Thaumamannia) 


Reduviidae (Ptilocerus) 


PSOCOPTERA 
(Hemiseopsis, Liposcelis, 
Seopsis, and others) 


NEUROPTERA 
Chrysopidae (Nadiva) 
Chrysopidae (Italochrysa) 


Berothidae (Lomamyia) 


Mantispidae (Trichoscelia) 


COLEOPTERA 

Carabidae (Adelotopus, 
Nototarus, Philophlaeus, 
Pseudotrechus, Tachys, 
Tachyura) 

Carabidae 
(Helluomorphoides) 

Carabidae (Sphallomorpha) 


Carabidae (Glyptus, 


Orthogonius, Rhopalomelus) 


Hosts - Biology 
Termites ? 
Termites # 
Stingless bees: Melipona y 
Ants Trophobiosis 
Social wasps: Brachygastra Trophobiosis 
Stingless bees: Trigona Trophobiosis 
Termites: ? 
Capritermes, Leucotermes 
Termites: Amitermes ? 


Termites: Heterotermes, 
Rhinotermes, Coptotermes, 
Amitermes 


Ants 


Ants: Hypoclinea 


Termites: Macrotermes, 
Odontotermes, and others 


Ants: Camponotus 
Ants: Crematogaster 


Termites: Reticulitermes 


Wasps: Polybiini 


Nonlegionary ants: Messor, 
Iridomyrmex, Lasius, 
Formica 


Army ants (Neivamyrmex) 
Ants: Iridomyrmex 


Termites: Macrotermes and 
other higher termites 


Possibly feed on fungi in nests 


Found in ants’ nest but not yet 
proven to be obligate guests 


Attract workers from odor 
trails and prey on them 


Unknown; obligatory status 
not proved (E. L. Mockford, 
personal communication) 


Larvae are symphiles 
Larvae stay close to nests and 
feed on ant larvae 
Larvae live with the termites 
and prey on them 
? 


Follow odor trails, prey on 
brood 


Burrow near nest, prey on 
adults 

Larvae live in the nests, are 
physogastric in later 
developmental stages 
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Selected references 


Roth and Willis (1960); 
Princis (1960) 

Roth and Willis (1960); 
Princis (1960) 

Roth and Willis (1960) 


(See special section at end of 
chapter) 


(See special section at end of 
chapter) 

(See special section at end of 
chapter) 

Silvestri (1938); Jakubski 
(1965) 

Poisson (1938) 


Usinger (1942) 


Drake and Davis (1959); 
R. C. Froeschner (personal 
communication) 


Jacobson (1911) 


Mockford (1965) 


Weber (1942) 
Principi (1946) 


E. G. MacLeod (personal 
communication) 


Brauer (1869) 


Lea (1910, 1912); Lindroth 
(1966); Bernard (1968); 
T. L. Erwin (personal 
communication) 

Plsek et al. (1969); 

Topoff (1969) 

Moore (1964b and personal 
communication) 

Escherich (1909) 


TABLE 20-1 (continued). 


Taxa Hosts Biology Selected references 
Paussidae (probably all Many kinds of ants Prey on host adults and larvae Mou (1938); Janssens (1949); 
species) Darlington (1950); 

Le Masne (1961a,b); 
Reichensperger (1939) 

Paussidae (Physea) Leaf-cutting ants (Atta) Apparent symphile van Emden (1936); 
Darlington (1950) 

Ptiliidae (Xenopteryx) Termites: Speculitermes ? Dybas (1961) 


Limulodidae (most or all of‘ 
the species) 


Leptinidae (Leptinus) 


Leiodidae (Attaephilus, 
Attumbra, Catopomorphus, 
Dissochaetus, Echinocoleus, 
Eocatops, Myrmicholeva, 
Nemadus, Philomessor, 
Ptomaphaginus, 
Ptomaphagus, Synaulus) 

Leiodidae (Platycholeus) 

Leiodidae (Parabystus, 
Scotocryptus) 

Scydmaenidae (many genera 
and species) 

Staphylinidae (many tribes 
and genera) 


Staphylinidae (many tribes 
and genera) 


Staphylinidae (Quedius, 
Velleius) 

Staphylinidae (Belonuchus) 

Staphylinidae (many tribes 
and genera) 


Pselaphidae (many genera 
and species) 


Ants, especially army ants 


Ants (Formica) and 
bumblebees 

Ants: Leptogenys, 
Pogonomyrmex, 
Aphaenogaster, 
Messor, Formica, 
Camponotus 


Termites: Zootermopsis 

Stingless bees: Melipona, 
Trigona 

Many ant species 


Doryline and ecitonine 
army ants 


Nonlegionary ants 


Wasps: Vespa and Vespula 


Stingless bees: Melipona 
Termites 


Many ant species 


Groom hosts; possibly other 
food habits 


4 


Probably scavengers 


is 


Depending on the species, 
predators on the hosts or 
scavengers; at least some 
also groom the hosts 


Some are symphiles. 
Depending on the species, 
either predators on the hosts 
or insects living with them, 
or scavengers, or inducers of 
regurgitation, or 
host-groomers; or a 
combination of these roles 

Scavenge on nest refuse and 
prey on larvae 

? 


Some are symphiles. Some 
steal regurgitated food, 
others feed on symbiotic 
fungi. Termitopullus bite the 
host larvae and probably 
feed on their haemolymph. 
Food habits of most species 
are unknown 


Predators on hosts 


Lea (1910); Park (1933); 
Seevers and Dybas (1943); 
Wilson et al. (1954) 


Park (1929); Cumber (1949b) 


Lea (1910); Hatch (1933); 
Jeannel (1936); Fall (1937) 


Hatch (1933) 

Wasmann (1904); Salt (1929); 
Portevin (1937) 

Lea (1910, 1912); Costa Lima 
(1962); Bernard (1968) 

Wasmann (1917); Patrizi 
(1948); Paulian (1948); 
Kistner (1958, 1964, 1965, 
1966a,b, 1968a); Seevers 
(1965); Koblick and Kistner 
(1965); Akre and 
Rettenmeyer (1966); Akre 
and Torgerson (1968) 

Lea (1910, 1912); Wheeler 
(1910); Wasmann (1915a); 
Donisthorpe (1927); 
Bernard (1968); Hölldobler 
(1967a,b, 1969a,b) 


zur Strassen (1957); Kemper 
and Döhring (1967) 

Wasmann (1904); Salt (1929) 

Lea (1910); Wheeler (1923); 
Grassé and Poisson (1940); 
Seevers (1957); Pasteels 
(1967, 1969); Kistner 
(1968b-d, 1969) 


Brauns (1914); Lea (1919); 
Park (1964); Bernard (1968) 
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TABLE 20-1 (continued ). 


Taxa 


Hosts 


Biology 


Selected references 


Clavigeridae (all species) 


Histeridae (Euxenister, 
Pulvinister) 


Histeridae (A braeus, 
Chlamydopsis, Hetaerius, 
Myrmetes, Orectoscelis, 
Sternocoelis) 


Histeridae (Cossyphodister, 
Notocoelis, Teratosoma, 
Thaumataerius) 


Scarabaeidae 
(Cremastocheilus) 


Scarabaeidae (Euparixia) 


Scarabaeidae (Cryprodus. 
Euphoria) 


Scarabaeidae (Afroharoldius, 
Chaetopisthes, Coenochilus, 
Corythoderus, Novapus, 
Ryparus, Termitodius, 
Termitotrox) 


Karumiidae (all species ?) 


? Cantharidae 
(Ctenophorellus) 


Thorictidae (most or all of 
the species) 


Ptinidae (about 12 genera) 
Lymexylidae (Atractocerus) 
Nitidulidae (Amphotis) 


Nitidulidae (Epuraea) 


Nitidulidae (Brachypeplus, 
Carpophilus) 


Rhizophagidae (Monotoma) 

Cucujidae (Nepharis, 
Nepharinus) 

Cucujidae (Nausibius) 

Cryptophagidae (Emphylus, 
Catopochrotus) 

Cryptophagidae 
(Antherophagus) 


Many ant species 


Ecitonine army ants 


Many nonlegionary ant 
genera 


Termites: Cornitermes, 
Syntermes 


Several ant genera 


Ants: Atta 


Ants: Camponotus, Formica, 
Leptomyrmex 


Termites 


Termites 
Termites 


Ants: Messor, Pheidole, 
Tetramorium, Cataglyphis 


Ants: several genera 
Termites 
Ants: Lasius 


Bumblebees and social 
wasps (Vespula) 


Stingless bees: Trigona. 
Occasional in feral 
honeybee nests. 


Ants: Formica 
Ants 


Stingless bees: Trigona 


Ants: Crematogaster, 
Formica 


Bumblebees 


Most or all are symphiles that 
solicit regurgitated food 
from hosts: also groom hosts 

Groom hosts and prey on host 
brood 

Feed on hosts and on prey 
captured by hosts; solicit 
regurgitated food 


R 


Obligate predators on the host 
larvae; also feed 
occasionally on the crop 
contents of dead workers 

7 


Attack legs or antennae of 
hosts to be carried into nests, 
then scavenge on refuse and 
dead ants 

2 
9 


Solicit regurgitated food 
Probably scavengers 


? 


Adults ride on adults by 
biting their proboscises; 
scavengers in nests 


Lea (1910, 1912): Park (1964): 
Bernard (1968) 


Reichensperger (1924): 
Akre (1968) 


Lea (1910, 1919); Wheeler 
(1910): Bernard (1968) 


Mann (1923): 
Reichensperger (1936) 


Cazier and Statham (1962): 
Cazier and Mortenson (1965) 


Woodruff and Cartwright 
(1967) 


Lea (1910); Wheeler (1910) 


Escherich (1909): Lea (1910): 
Paulian (1947); Janssens 
(1949); Martinez (1950): 
Cartwright and Woodruff 
(1969) 


Arnett (1964) 
Silvestri (1920) 


Wheeler (1910); Banck (1927) 


Lawrence and Reichardt (1969) 
Escherich (1909) 


Wasmann (1892); Donisthorpe 
(1927); Hôlldobler (1968) 


Scott (1920) 


Lea (1910, 1912) 


Bernard (1968) 
Lea (1910) 


Wasmann (1904); Salt (1929) 
Reitter (1889); Bernard (1968) 


Scott (1920); Plath (1934): 
Cumber (1949b) 
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TABLE 20-1 (continued ). 


—— m 


Taxa 


Cryptophagidae 
(Catopochrotides) 
Erotylidae (Tritomidea) 
Erotylidae (Episcaphula) 
Aculagnathidae 
(Aculagnathus) 
Endomychidae (Symbiotes, 
Trochoideus) 
Endomychidae (Trochoideus) 
Merophysiidae (Coluocera) 
Lathridiidae (Cartodere) 
? Lathridiidae (Ceroncinus) 
Colydiidae (Ditoma, 
Kershawia, Myrmechixenus, 
Euclarkia) 


Tenebrionidae (Cossyphodes, 
Cossyphodites, Oochrotus, 
and others) 

Tenebrionidae (Rhysopaussus, 
Reichenspergeria, 
Xenotermes, Ziaelas, and 
others) 

Lagriidae (Lagria) 


Dacoderidae (Tretothorax) 


Melandryidae (Troctontus) 


Rhipiphoridae (Metoecus) 


Coccinellidae (Coccinella 
distincta, Hyperaspis) 

Coccinellidae (Cleidostethus) 

Clytridae (Clytra, Hockingia, 
Saxinis) 


Cryptocephalidae (/snus) 


Brenthidae 
(Amorphocephalus and 
other genera) 

Curculionidae 
‘(Liometophilus) 


LEPIDOPTERA 
Lycaenidae (at least 245 
species, and probably most 
of the 3000-4000 species, 
as a primitive trait) 


Hosts 


Termites: Hodotermes 


Ants: Amblyopone 
Termites 
Ants: Amblyopone 


Ants: Formica, Lasius, 
and others 


Termites 

Ants 

Ants: several genera 
Termites: Eutermes 


Ants: Crematogaster, 
Iridomyrmex, others 


Ants: Aphaenogaster, 
Messor, Cardiocondyla, 
Plagiolepis 

Termites: Macrotermes, 
Odontotermes 


Ants: Myrmecia, 
Brachyponera 

Ants: Leptogenys, 
Odontomachus 

Termites: Microcerotermes 


Vespine wasps 
Ants: Formica, Tapinoma 


Stingless bees: Melipona 

Ants: Atta, Formica, 
Camponotus, and other 
nonlegionary groups 

Ants: arboreal species in 
Acacia 

Ants: Camponotus and 
probably other genera 


Ants: Liometopum 


Many ant genera and 
species 


Biology 


? 


Probably scavengers 


Scavengers 


D 9 9 re) 


Larvae are licked and fed 
regurgitated liquid by 
host workers 

Predators on wasp larvae 


Feed on aphids and fulgorids 
kept by the ants 
R 


Larvae feed on vegetable 
material in nest 


2 


Solicit regurgitated food from 
hosts; also feed hosts by 
regurgitation 

X 


Ants attend larvae on the food 
plant. Larvae of some 
species enter the nest to 
pupate. Some also feed on 
the host brood or solicit food 
from the host workers 
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Selected references 


Kieseritzky and Reichardt 
(1936) 


Lea (1910) 
Lea (1910) 
Oke (1932) 


Lawrence and Reichardt (1969) 


Kemner (1924) 
Bernard (1968) 
Bernard (1968) 
Silvestri (1920) 
Lea (1910, 1919); Clark (1920) 


Basilewsky (1952); Bernard 
(1968) 


Escherich (1909); Hozawa 
(1914); Wasmann (1921) 


Lea (1910, 1912) 
Lea (1910); Watt (1967) 


Silvestri (1920); Grassé (1939); 
Hollande et al. (1951) 


Chapman (1870); Kemper 
and Döhring (1967) 

Silvestri (1903); Donisthorpe 
(1927) 

Salt (1929) 

Jolivet (1952); Selman (1962); 
Hocking (1970) 


Selman (1962) 


Lea (1910, 1912); Kleine 
(1925); Le Masne and 
Torossian (1965) 


Fall (1912) 


Wheeler (1910, 1928); 
Lamborn (1914); 
Donisthorpe (1927); Hinton 
(1951); Clark and Dickson 
(1956); Downey (1961, 1962) 


TABLE 20-1 (continued ). 


Taxa 


Hosts 


Biology 


Selected references 


Riodinidae (Anatole, 
Hamearis, Nymphidium, 
Theope; probably most 
other genera) 


Pieridae (several genera; 
obligatory status not 
certain) 


Tineidae (Ardiosteres, 
Atticonviva, Iphierga, 
Myrmecozela) 

Tineidae (Hypophrictoides) 


Tineidae (Passalactis, 
Plastopolypus) 


Tineidae (Melissoblaptes) 


Cosmopterygidae 
(Batrachedra) 


Cyclotornidae (Cyclotorna) 


Pyralidae (Stenachroia) 
Pyralidae (Pachypodistes) 
Pyralidae (Wurthia) 


Pyralidae (Galleria) 
Pyralidae (Aphomia, Vitula) 


Agrotidae (Epizeuxis) 


DIPTERA 


Psychodidae 
(Termitadelphos, 
Termitodipteron) 


Culicidae (Harpagomyia) 


Chironomidae 
(Forcipomyia) 

Ceratopogonidae 
(Ceratopogon) 


Sciaridae 
(Sciara) 


Sciaridae 
(Austrosciara) 


Ants: Solenopsis, 


Camponotus, and other 


genera 


Ants 


Ants: Formica and other 


Ants: Hypoclinea, 
Plagiolepis 
Higher termites 


Wasps: Vespa 
Ants: Polyrhachis 


Ants: Iridomyrmex 


Ants: Crematogaster 
Ants: Hypoclinea 


Ants: Oecophylla, 
Polyrhachis 


Honeybee: Apis 
Bumblebees: Bombus 


Ants: Formica 


Termites 


Ants: Crematogaster 


Ants: Formica 


Ants: Formica 


Ants: Formica, Lasius 


Termites 


As in Lycaenidae 


Possess attractive glands and 
are attended by ants on the 
food plants 

Feed on nest material and 
detritus 


Prey on pupae 


L 


Larvae feed on nest materials 
Larvae feed on host brood 


Larvae prey on cicadellids and 
later on ant larvae as 
symphilic guests 

? 
Larvae feed on nest carton 
Larvae prey on the host brood 


Larvae feed on wax combs 


Larvae feed on waxen cells, 
occasionally on refuse or 
brood also 


Larvae are scavengers 


Adults solicit regurgitated 
food from workers on the 
odor trails 


Larvae prey on the 
host larvae 


Larvae live in host 
nests; obligatory 
relationship 
uncertain 

Larvae live in host 
nests and are groomed 
by workers 

9 


Hinton (1951); Ross (1966) 


Hinton (1951) 
Hinton (1951) 


Roepke (1925) 


Silvestri (1905, 1920); 
Tragardh (1907a); Poulton 
(1936); Hollande er al. 
(1951) 


Wheeler (1928) 
Hinton (1951) 


Dodd (1912) 


Turner (1913) 
Hagmann (1907) 
Kemner (1923); Hinton (1951) 


Wheeler (1928) 


Frison (1926); Cumber 
(1949b); Free and Butler 
(1959); Pouvreau (1967) 


F. Smith (1941) 


Brues et al. (1954) 


Farquharson (1918); Wheeler 
(1928) 


E. Séguy in Bernard 
(1968) 


Long (1902); E. Séguy 
in Bernard (1968) 


E. Séguy in Bernard 
(1968) 


Brues et al. (1954) 
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TABLE 20-1 (continued). 


Taxa Hosts Biology Selected references 
Cecidomyiidae Termites: Anoplotermes Physogastric adults; Silvestri (1920) 
(Termitomastus) feeding behavior 
unknown 
Phoridae Many ant genera; the Usually scavengers; Borgmeier (1961-65); 
(many genera and flies are especially some species also Rettenmeyer and Akre 
species) abundant in and around share the prey of (1968); E. Séguy in 


Phoridae (many genera and 
species) 

Phoridae 
(Melittophora, 
Pseudohypocera) 


Termitoxeniidae 
(all genera: 
Termitoxenia, 
Termitomyia, 
Odontoxenia, and 

others) 


Thaumatoxenidae 
(Thaumatoxena) 


Syrphidae 
(Microdon) 


Syrphidae 
(Volucella) 

Conopidae 
(Stylogaster) 


Tachinidae 
(Androeuryops, 
Calodexia) 


Anthomyiidae 
(Epiplastocerus, 
Episthetosoma, 
Paraplastocerus, 
Plastocerontus, 
Prosthetosoma, 
Tetraplastocerus) 


Milichiidae 
(Prosoetomilichia) 


Braulidae 
(Braula) 


colonies of ecitonine 
army ants. 


Many termite genera 
Stingless bees: 


Melipona, Trigona 


Higher termites 


Higher termites 


Many ant genera 


Bumblebees and 
social wasps 


Ecitonine army ants 


Ecitonine army ants 


Termites 


Ants: Hypoclinea 


Honeybees: Apis 


their hosts or feed 
on the hosts themselves 
9 


Melittophora are brood 
commensals; 
Pseudohypocera are 
scavengers 

Physogastric adults; 
feeding behavior 
unknown 


Scavengers 


Scavengers 


Hovering females follow 
raids of ecitonine army 
ants and parasitize 
cockroaches flushed out 
by the ants; they 
probably also parasitize 
adult tachinids that 
follow the ants 

Females follow ant raids 
and parasitize 
cockroaches and crickets 
flushed out by the ants 

Larvae, which possess 
exudatoria, live in 
termite nests 


Adults feed on anal 
droplets of workers 

The “bee louse,” 
ectoparasite on the 
host adults 
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Bernard (1968) 


Schmitz (1916); 
Borgmeier (1961-65) 
Salt (1929) 


Bugnion (1913); 
Schmitz (1940, 1952); 
Borgmeier (1964a); 
Delachambre (1965); 
Kistner (1969) 


Tragardh (1908); 
Schmitz (1915); 
Poisson (1937) 


Wheeler (1910); Andries 
(1912); E. Séguy in 
Bernard (1968) 


Cumber (1949b); Kemper 
and Dohring (1967) 


Rettenmeyer (1961b) 


Rettenmeyer (1961b) 


Silvestri (1920); 
Hollande et al. (1951) 


Jacobson (1909) 


Imms (1942); 
Kaschef (1959) 


Chapter 20 400 Symbioses with Other Arthropods 
TABLE 20-1 (concluded). 
Taxa Hosts Biology Selected references 
HYMENOPTERA 
Perilampidae Allodapine bees: Symphile; external Michener (1969b) 
(Echthrodape) Braunsapis parasite on host 
pupae 
Diapriidae Ecitonine army ants Some species are Brues (1902); 
(Phaenopria, mimetic and run in Wing (1951); 
Mimopria, Myrmecopria) the host columns Masner (1959) 
Diapriidae Nonlegionary ants: Lepidopria and K. Hölldobler (1928); 
(Ashmeadopria, Solenopsis Solenopsia adults Wing (1951) 
Auxopaedeutes, (Diplorhoptrum) solicit regurgitation; 
Bruesopria, especially, also larvae probably 
Geodiapria, Tetramorium endoparasites of host 
Lepidopria, Loxotropa, brood 
Solenopsia, 
Tetramopria, and 
others) 
Bethylidae, Many nonlegionary Larvae probably Donisthorpe (1927); 
Ceraphronidae, ant genera and internal parasites; Bernard (1968) 
Dryinidae (many species some adults are 


genera and species) 


diversity—which reinforce each other to produce a higher 
diversity and abundance of symbiotic species. 

The evidence shows that many species are able to 
maintain a viable population size only under the protec- 
tion of large colonies. The great majority of very special- 
ized species are uncommon, and many are very rare and 
local in distribution. To cite several of many examples, 
no more than 400 specimens of the aberrant African 
termitophiles of the genera Termitomimus and Nasutimi- 
mus have ever been collected, despite repeated and inten- 
sive search for them in places where they are known to 
occur (Kistner, 1968d). Myrmecophilous, trail-following 
millipedes are absent from most army ant colonies, even 
though the latter contain many thousands and even mil- 
lions of host individuals. The largest number recorded 
from one bivouac by Rettenmeyer (1962a), who made a 
special study of them, was 299, and even this population 
contained a mixture of two genera and several species. 
The most abundant insect guests of army ants—and per- 
haps of any kind of social insects—are phorid flies, but, 
even when all species are combined, the number of adults 
in a single bivouac usually does not exceed 4,000 (Ret- 
tenmeyer and Akre, 1968). Staphylinids are also very 
numerous around army ant colonies, but there is seldom 
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if ever more than one beetle per thousand workers, and 
the average is far lower (Akre and Rettenmeyer, 1966). 
Using the populations of phorids and staphylinids as 
rough standards, the relative abundance of the ecitophiles 
can be judged from the total collections from all colonies 
made by Rettenmeyer to the year 1962: 8,000 mites, 2,400 
phorid flies, 1,100 limulodid beetles, 300 staphylinid 
beetles, 300 collembolans, 170 thysanurans, 150 milli- 
pedes, 140 histerid beetles, and 6 diapriid wasps. 

The concept of an insect colony as an island, or, to use 
slightly more precise language, a partially isolated eco- 
system, can be extended to gain a better understanding 
of certain aspects of the biology of the symbionts. Con- 
sider the matter of microhabitat apportionment. The spe- 
cies of mites associated with army ants, according to 
Rettenmeyer, can be conveniently divided into two main 
groups, those that live in the refuse piles, or “kitchen 
middens,” of the ants and those that live on the bodies 
of the ants or within their bivouacs. The latter group, the 
only true myrmecophiles in this case, have finely appor- 
tioned the environment through amazing feats of special- 
ization. Several of the extreme adaptations are illustrated 
in Figure 20-1. Of special interest are the Circocyllibanidae 
and Coxequesomidae, which appear to live only on cer- 
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FIGURE 20-1. Six arthropod guests of army ants, which display a few of the many kinds 
of symbiotic adaptations to these hosts: (a) Paralimulodes wasmanni is a limulodid beetle 
that spends most of its time riding on the bodies of host workers (Neivamyrmex nigrescens); 
(b) Trichatelura manni is a nicoletiid silverfish that scrapes and licks the body secretions of its 
hosts (Eciton spp.) and shares their prey; (c) the Circocylliba mite shown here belongs to a 
species specialized for riding on the inner surface of the mandibles of major workers of 
Eciton; (d) Macrocheles rettenmeyeri is another mite species which is normally found 
attached in the position shown, serving as an extra “foot” for workers of Eciton dulcius; (e) 
Antennequesoma is a mite genus highly specialized for attachment to the first antennal 
segment of army ants; (f) the histerid beetle Euxenister caroli grooms the adults of Eciton 
burchelli and feeds on their larvae (original drawings by Turid Hölldobler, based on photo- 
graphs by C. W. Rettenmeyer and R. D. Akre and sketches of Paralimulodes by Wilson et al., 
1954). 
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tain parts of the host bodies, such as the mandibles, scapes, 
or coxae. Even more extraordinary is the total adaptation 
of Macrocheles rettenmeyeri. The mite feeds on blood 
taken from the terminal membranous lobe (arolium) of 
the hind tarsus of a large media or soldier of its exclusive 
host species, Eciton dulcius. In the process it allows its 
entire body to be used by the host ant as a substitute for 
the terminal segment of the foot. Rettenmeyer (1962b) 
described its behavior: “The mite inserts its chelicerae into 
the membrane, but it is not known if the palpi assist in 
holding to the ant. Presumably the mite feeds in this 
position and may be considered a true ectoparasite rather 
than a strictly phoretic form ... Army ants charac- 
teristically form clusters by hooking their tarsal claws over 
the legs or other parts of the bodies of other workers. 
Temporary nests or bivouacs of Eciton dulcius crassinode 
may have clusters several inches in diameter hanging in 
cavities in the ground. In small laboratory nests, when a 
worker hooked the leg with the mite onto the nest or 
another worker, the hind legs of the mite usually served 
in place of the ant’s tarsal claws. The hind legs of the mite 
were never seen in a Straight position but were always 
curved. In all cases the entire hind legs of the mite served 
as claws, not just the mite’s claws. No difference was noted 
in the behavior of the ant whether its own claws or the 
hind legs of the mite were hooked onto some support. 
When no other part of the ant’s leg was touching any 
object, adequate support was provided by the mite’s legs 
for at least five minutes.” A second species, M. dibanos, 
was observed to parasitize Eciton vagans in the same 
manner. 

Mites, being much smaller than their hosts, function 
primarily as ectoparasites or scavengers within the army 
ant nests. Many of the insects, on the other hand, either 
scavenge or obtain part of their nutriment by licking the 
oily secretions of the bodies of the hosts, a specialized 
behavior referred to by Wheeler and some later authors 
as “strigilation.” Other insects feed on the booty brought 
in by the host workers, or else prey on the hosts them- 
selves, especially the defenseless larvae and pupae. A few 
species combine strigilation with prey sharing or predation 
on the hosts. The nutritive value of strigilation is open 
to some question, at least in the case of the ecitophiles. 
Both Rettenmeyer and Akre have suggested that it also 
serves to transfer the host odor to the parasites, a logical 
hypothesis but one that will be difficult to test. As illus- 
trated in Figure 20-1, the insect guests vary greatly in size 


402 Symbioses with Other Arthropods 


and in the locations they occupy with respect to the host 
workers. They also vary in the spatial positions they oc- 
cupy within both the bivouac as a whole and in the ant 
columns during colony emigrations. 


The Ectosymbiotic Adaptations 


It is apparent that, in the course of adapting to social 
insects as hosts, many of the symbionts have undergone 
considerable evolution in their food habits. The nearest 
relatives of the nitidulid Amphotis marginata, to take one 
example, are sap feeders. If we assume that the ancestors 
of A. marginata had a similar diet, it is understandable 
but no less impressive that as a myrmecophile it was able 
to shift to the honeydew (a sap product) supplied to it 
indirectly by its ant hosts. Amorphocephalus coronatus and 
other myrmecophilous brenthids have probably made a 
similar transition from some form of phytophagous be- 
havior, while Cremastocheilus has changed from what was 
almost certainly a herbivorous diet to become the only 
known fully carnivorous scarabaeid. Judging from the 
behavior of most other cockroaches and crickets, Attaphila 
and Myrmecophila shifted from herbivorous or detritus 
feeding habits to their present apparent dependence on 
the strigilation of host secretions. The same may be true 
of the ecitophilous thysanurans, which now feed on both 
the body secretions of their hosts and the fresh prey 
brought in by them. The adults of the beetle family 
Aculagnathidae possess unique elongate, sucking mouth- 
parts. Their feeding behavior is still unknown, but it will 
almost certainly be found to represent a major departure 
from the ancestral mode. It is equally apparent that, when 
the extreme symbiotic staphylinids are analyzed more 
carefully, especially the more extreme members of the 
Corotocini, other examples of dietary shifts will be dis- 
covered. 

As an accompaniment to the deep penetration of insect 
colonies, symbionts of the various groups have tended 
independently to undergo one or more of a relatively 
small set of evolutionary changes in morphology and 
behavior. These convergent traits, which have been docu- 
mented and analyzed in steadily increasing detail by 
entomologists from Wasmann, Wheeler, Janet, Escherich, 
and Donisthorpe to Seevers, Kistner, Pasteels, Retten- 
meyer, and their co-workers, provide an understanding of 
the minimal adaptations required for ectosymbiosis. In the 
following summary, first the morphological and then the 
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behavioral traits will be discussed with particular reference 
to the ways in which they promote the integration of 
symbionts with their host colonies. 

Lighter body coloration. The more completely adapted 
myrmecophiles and termitophiles tend to be lighter in 
color than their free-living relatives. Among the symphilic 
beetles, a peculiar dark blood-red coloration is very com- 
mon and is often combined with an oily body surface. The 
loss of coloration, including that leading to the symphilic 
red, may be nothing more than accommodation to a more 
subterranean existence, or part of the widespread parasitic 
syndrome of morphological regression to be described 
later. 

Appeasement substances and trichomes. Many of the 
better-integrated symphiles dispense attractive substances 
to their hosts from epidermal glands. These materials are 
eagerly licked up by the host workers and even by other 
symbionts living with the colony. They are generally in- 
terpreted as devices for gaining acceptance and keeping 
favor with the hosts, and for this reason I suggest that 
they can be conveniently referred to as “appeasement 
substances.” Bert Hölldobler (1970) has referred to the 
behavioral phenomenon as Besänftigung, that is, appease- 
ment or calming, and the glands that produce the effect as 
Besanftigungsdrusen. Our best information on morphology 
comes from Pasteel’s excellent study (1968) of the epi- 
dermal glandular system of species of the corotocine 
staphylinid genus Termitella, which live as symphiles in 
the nests of Nasutitermes. In addition to the “primary 
glandular system,” which is shared with other staphylinids 
and functions principally to manufacture defensive and 
lubricating secretions, Termitella adults possess a “sec- 
ondary glandular system” for the production of appease- 
ment substances. The secondary system consists princi- 
pally of the voluminous, paired poststernal glands, which 
are illustrated in Figure 20-2. These organs, which have 
evidently evolved de novo in the termitophilous forms, 
produce secretions which are licked by the termite hosts. 
The unicellular glands of type 1 are hypertrophied in 
Termitella and also produce attractants. 

Similar novel glands exist in the myrmecophilous 
Staphylinidae (B. Hölldobler, 1971). As shown in Figure 
20-3, the glands used in communication by Atemeles are 
at a different location from those of Termitella, and they 
probably have been independently derived in evolution. 
When a beetle approaches the nest of a host colony to 
seek adoption, it wanders around until it encounters a 
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poststernal gland 


0.5 mm 


FIGURE 20-2. Side view of a termitophilous staphylinid of 
the genus Termitella, showing the location of the principal 
epidermal glands of the abdomen. The primary system 
includes the tergal gland, which produces a defensive secretion, 
unicellular glands of “type 1” located along the edges of 
sternites IV to VII, and the postpleural gland. The secondary 
system consists principally of the poststernal glands; the left 
member of the pair is shown here. The poststernal glands and 
enlarged unicellular glands of type 1 produce substances 
attractive to the termite hosts (redrawn from Pasteels, 1968). 


worker. Then it turns to present its appeasement gland, 
located at the tip of the abdomen. The secretion of the 
gland is at least partly proteinaceous, and it contains no 
appreciable amounts of carbohydrates. The ant feeds on 
the material, seeming to grow calmer in the process. Then 
it moves over to the “adoption glands,” which it also licks. 
After this second repast, the ant transports the beetle into 
the nest. 

A large percentage of the symphilic beetles and at least 
one proctotrupid wasp considered to be symphilic possess 
peculiar tufts of red or golden yellow hairs called tri- 
chomes or trichodes. These brush-like structures aid in the 
dissemination of appeasement substances. The host 
workers, and sometimes even other symbionts, lick and 
gnaw the hairs and glandular openings at their bases. 
Wasmann (quoted by Wheeler, 1910) summarized the 
location of the trichomes: “On the sides and base of the 
portions of the abdomen not covered by the wing-cases 
(Lomechusa group of Staphylinids, many Clavigerids); on 
the tip of the abdomen (Lomechusa group), or pygidium 


unicellular glands 


Chapter 20 404 Symbioses with Other Arthropods 


FIGURE 20-3. Symphily in the staphylinid beetle Atemeles pubicollis. The figure at the 
lower left indicates the location of the three principal abdominal glands of the parasite: 
(ag) adoption glands; (dg) defensive glands; (apg) appeasement gland. The beetle presents 
its appeasement gland to a worker of Myrmica that has just approached it (1). After licking 
the gland opening (2), the worker moves around to lick the adoption glands (3, 4), after 
which it carries the beetle into the nest (5) (after Hölldobler). 
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(many Paussus); at the tips of the wing-cases (many 
Clavigerids,  Chaetopisthes among: termitophilous 
Scarabaeids); on the sides of the wing-cases (many 
Paussus); at the posterior corners or edges of the prothorax 
(Pleuropterus and many Paussus among Paussids, Lome- 
chon among Silphids, Corythoderus and Chaetopisthes 
among termitophilous Scarabaeids, Tylois among His- 
terids, many Thorictus among Thorictids); on the anterior 
corners of the prothorax (Napochus termitophilus); on the 
much elevated sides of the prothorax (Teratosoma among 
Histerids, Gnostus among Gnostids); in a median trans- 
verse groove on the prothorax (many Paussus); on the 
neck, between the head and prothorax (the myrme- 
cophilous Napochus among the Scydmaenidae, Tetra- 
mopria among Proctotrupids); on a perforated horn on 
the vertex (several Paussus); on the front (Pogonoxenus 
among Tenebrionids); on the antennal club (many 
Paussus); and even on the coxae and tips of the femora 
(Lomechusa).” (See Figure 20-4.) 

We do not know whether the appeasement substances 
are simple nutrients, or secondary phagostimulants, or 
more specialized compounds that mimic the attractant 
pheromones of the hosts. If they prove to be nutrients or 
phagostimulants, the further problem exists of how the 
symphiles keep from being consumed entirely. When 
chemical identifications are achieved in accompaniment 
with new behavioral studies, they are likely to further 
illuminate not only symbiosis but also some of the basic 
problems of communication in social insects. 

Mimicry, physogastry, exudatoria, glandular antennae. 
Among the battalions of parasitic staphilinids which 
march with the army ants are many species that strikingly 
resemble their hosts. This myrmecoid appearance is found 
almost nowhere else in the Staphylinidae. It has originated 
many times over through modifications of the abdomen 
and thorax which then create an ant-like “petiole.” In 
addition, there is a strong tendency to resemble the hosts 
in the overall slender body form, in color, and even in 
the sculpturation of the body surface. Seevers (1965) 
showed that petioles have been created in no less than 
seven ways in various groups of the Staphylinidae, with 
several of the modifications having been chosen by two 
or more groups independently. In some phyletic lines the 
anterior abdominal segments have simply been pinched 
into tubes or cones to make a narrowed articulation with 
the thorax. In others the petiole is constructed entirely 
either from the tergite of the second abdominal segment, 
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FIGURE 20-4. A worker of Formica integra gnawing at the 
thoracic trichomes of the scarab beetle Cremastocheilus 
castaneae (from Wheeler, 1910). 


the sides of which have been extended ventrally to form 
a partial or complete tube, or from elements of the third 
abdominal segment. In still others the large metepimera 
of the thorax are prolonged ventrally and joined to create 
a fused, tubular structure that articulates posteriorly with 
the abdomen. Three of these basic types are represented 
in Figure 20-5. Although the ant-like species are accom- 
panied in the nests by staphylinids of a more generalized 
body shape, their large numbers and the remarkable 
degree of evolutionary convergence they encompass leave 
little doubt that some kind of mimicry is involved. The 
question is, who is being fooled? Wasmann (1903 and 
contained references), in first documenting the phenome- 
non from museum specimens, was persuaded that the 
form of the body, including the false petiole, is tactile 
mimicry that deceives the host ants. He further believed 
that the coloration is visual mimicry that deceives birds 
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FIGURE 20-5. Examples of mimetic staphylinid beetles that 
live with army ants: (a) Myrmeciton antennatum, a guest of 
New World army ants (Labidus) which has a generalized 
“petiole” formed simply by a constriction of the anterior 
abdominal segments; (b) Mimanomma spectrum, a guest of 
African driver ants (Anomma), in which the sclerites of each of 
the two anterior abdominal segments have fused together to 
form petiolar segments; (c) Ecitosius gracilis, a guest of New 
World army ants (Neivamyrmex) in which the petiole is formed 
from the third abdominal segment (from Seevers, 1965). 


and other predators which might otherwise be able to pick 
the beetles out of the columns of running ants. The same 
interpretation has been adopted by Kistner (1966a,b, 
1969) on the basis of his own field observations of staphy- 
linid guests of African driver ants. Species of Dorylomi- 
mus, Dorylonannus, Dorylogaster, and Mimanomma run 
with the ants in their columns. When a host worker en- 
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counters one of the beetles, it touches it lightly with its 
antennae. Kistner states, “This action is identical with that 
of an ant when it meets another ant. Typically, the an- 
tenna rubs along the ant and lingers at the petiole, then 
both ants move on. I have interpreted this palpation as 
a signal which tells the blind ants that the passing insect 
is another ant. I have further interpreted this with regard 
to the Dorylomimini, that the constriction in the abdomen 
is such that the same signal is evoked when palpated by 
the ants and both ants and myrmecophiles go their sepa- 
rate ways. Thus the morphological constriction permits the 
myrmecophile to function within the colony as though it 
were an ant.” I find the Wasmann-Kistner explanation 
unconvincing. We know that chemical identification is 
paramount in ants generally. When the surface odor of 
a worker ant is disturbed only slightly, the ant is swiftly 
attacked by its own sisters even though its morphology 
remains unchanged. Having watched the antennal greet- 
ings of many kinds of ants in life and on slow-motion film, 
it has not seemed to me that the workers routinely inspect 
one another’s midsection, although I have not examined 
driver ants and cannot dispute Kistner’s impression that 
it occurs in these particular insects. Although the hypoth- 
esis of tactile mimicry must not be dismissed out of hand, 
an alternative hypothesis is equally promising. It is possi- 
ble that predators watching the ant columns for edible 
morsels might be fooled by both the color of the beetles 
and their shape as well. Thus all of the mimicry apparent 
to taxonomists may be visual and directed at predators 
outside the host colony. 

If morphological mimicry on the part of symbionts is 
indeed visual in its form of transmission, we should expect 
it to be absent in cases where the animals spend their 
entire lives underground. Turning to the termitophiles, we 
find evidence which in my view strongly supports this 
interpretation. The vast majority of the termitophilous 
staphylinids and other insects do not in the least resemble 
termites. A common modification is that shown by Termi- 
tella (Figure 20-2) in which the abdomen is capable of 
being curled forward over the back. This action does not 
increase the resemblance of the body to that of a termite 
worker. On the contrary, the resulting double-tiered 
structure lessens the resemblance, especially when the 
beetle is viewed from the side. What the action does do 
is to bring the appeasement substances of the abdominal 
glands to the front of the termite, where they can be 
brought into play before the host workers have much 
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chance to examine the beetles during face-to-face en- 
counters. However, there is a complication to the staphy- 
linid story, one that involves a wholly different form of 
adaptation. This is physogastry, the exceptional growth 
of the abdomen which occurs in the adults of many of 
the termitophilous species. In extreme cases, one of which 
is illustrated in Figure 20-6, the abdomen is bloated to 
a degree exceeding even that found in the physogastric 
termite queens. The abdominal sclerites are pushed far 
apart and come to comprise only an insignificant portion 
of the body surface. The abdomen has been turned per- 
manently up and over the remainder of the body, so that 
its tip points obliquely upward or straight forward. Studies 
by Emerson, Seevers, and Kistner have revealed that the 
physogastry is due entirely to postimaginal growth, just 
as it is in the termite queens. The young adults have the 
typical staphylinid form when they first emerge from the 
pupal stage and add abdominal tissue only gradually 
thereafter. Trägärdh (1907b) found that in Termitomimus 
the physogastry is the result primarily of the hypertrophy 
of the fat bodies and secondarily of the enlargement of 
the ovaries. He was impressed by the superficial resem- 
blance of the bloated abdomen of this beetle to a termite 
worker—hence, the Greek suffix -mimus given in the 
scientific name of the beetle. Tragardh actually went so 
far as to suggest that the resemblance is functional 
mimicry. This idea was ignored for the most part by other 
entomologists because at about the same time Wasmann 
and Holmgren propounded their hypothesis that physo- 
gastry in termite queens serves to generate fatty exudates 
attractive to workers. Wheeler (1918, 1923) extended this 
notion and argued that the physogastric staphylinids are 
simply imitating the queen in order to gain the same 
attention from the workers. This viewpoint acquired con- 
siderable impetus when Wheeler (1928) later observed 
termite workers carrying and licking physogastric adults 
of Spirachtha in South America. Consequently, the notion 
of chemical mimicry has taken precedence over that of 
visual or tactile mimicry in the case of the physogastric 
staphylinids. There nevertheless exist three genera be- 
longing to the tribe Corotocini (Spirachtha, Spirachthodes, 
and Coatonachthodes) in which the physical resemblance 
of the abdomen to a termite worker is too close to allow 
the hypothesis of morphological mimicry to be dropped 
entirely. Adults belonging to these aberrant forms have 
three or four pairs of finger-like appendages (“exuda- 
toria”) growing from the sides of the inverted portion of 
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the abdomen in about the positions one would expect to 
find legs and antennae if the abdomen were to be viewed 
as a termite pseudobody. The ne plus ultra of this 
phenomenon is shown by Kistner’s Coatonachthodes 
ovambolandicus, the species illustrated in Figure 20-6. 
Only a single specimen is known, and it was found as a 


FIGURE 20-6. Coatonachthodes ovambolandicus, a 
physogastric staphylinid beetle that lives with Fulleritermes in 
Africa (A, top view; B, side view). The swollen upper part of the 
abdomen resembles the body of a termite worker, complete 
with four pairs of “exudatoria” that resemble termite 
appendages (from Kistner, 1968c). 
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FIGURE 20-7. The termitoxeniid fly Cheiloxenia obesa, a 
guest of the termite Allodontermes giffardii in Africa (A, side 
view; B, top view). This is the extreme case of physogastry 
known among the termitophilous Diptera. The anterior 
segments of the abdomen are numbered in this drawing to 
show the extent of their displacement (redrawn from 
Delachambre, 1966). 


guest in a colony of Fulleritermes contractus in Southwest 
Africa. One must admit that the resemblance of its abdo- 
men to the entire body of a termite is uncanny. The effect 
is even stronger in photographs of the preserved specimen, 
since the exoskeleton of the pseudobody is darkened in 
just the right places to give the impression of the existence 
of a pair of mandibles and of constrictions separating the 
pseudocaput, pseudothorax, and pseudoabdomen. There 
is no way at present to decide whether this resemblance 
is mere coincidence, the kind of random correspondence 
that might be expected to appear somewhere among the 
hundreds of termitophilous staphylinids, or whether it is 
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the most nearly perfect example yet uncovered of an 
evolutionary trend to achieve morphological mimicry by 
means of physogastry. Any significant advance in our 
understanding of physogastry in general must await bio- 
chemical analyses and an experimental testing of the 
several possible variants of the mimicry hypothesis. Physo- 
gastry also occurs in the fly families Cecidomyiidae and 
Termitoxeniidae, which belong to the suborders Nemato- 
cera and Brachycera, respectively. Future comparisons of 
the behavior and physiology of these phylogenetically 
disparate groups with each other and with the beetles 
should prove instructive. Delachambre (1966) has recently 
described what may be the ultimate fly species in 
Cheiloxenia obesa. This little termitoxeniid, a guest of 
Allodontermes giffardii in Africa, is convergent in many 
respects to the extreme corotocine staphylinids, although 
it does not resemble a termite worker in overall appear- 
ance (Figure 20-7). The first two segments of the physo- 
gastric abdomen overlap the thorax and hind margin of 
the head like a thick blanket. To the rear the main portion 
of the abdomen swells into a massive globe that sends out 
a single pair of lateral “exudatoria.” The tip of the abdo- 
men, unlike that of the physogastric staphylinids, projects 
beneath the remainder of the body. The prementum and 
middle segments of the fore tarsi are also swollen, neither 
feature being paralleled in the beetles. Looking at this 
bizarre creature, and the other extreme termitoxeniids and 
staphylinids as well, one gets the impression that the 
physogastry is designed to project fatty tissue, and the 
appeasement substances that may be contained in it, in 
all directions from the body of the termitophile. In other 
words, it is possible that the abdomen has been reshaped 
into a kind of conciliatory shielding device. 

The exudatoria may or may not serve a similar function 
of attraction and appeasement toward termite hosts. 
Wheeler (1928) actually saw workers of Nasutitermes lick- 
ing the exudatoria and other parts of the bodies of Spi- 
rachtha mirabilis in a nest in Guyana. Silvestri (1920) 
described a remarkable series of other termitophilous 
insect groups from West Africa where larvae have well- 
developed lateral exudatoria, including Troctontus 
(Coleoptera: Melandryidae); Ceroncinus (Coleoptera: ?La- 
thridiidae); Ctenophorellus (Coleoptera: ?Cantharidae); 
Epiplastocerus, Plastocerontus, Prosthetosoma, and Tetra- 
plastocerus (Diptera: Anthomyiidae); and Plastopolypus 
(Lepidoptera: Tineidae). Few if any of these species are 
physogastric as well, suggesting that either the exudatory 
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organs can supplant the abdomen in its role of physogastry 
or else they serve a different function. In fact, two alter- 
native functions have been suggested. Silvestri believed 
that the organs produce defensive secretions, which can 
be brought to bear against host termites in the event of 
an attack. Hollande, Cachon, and Vaillant (1951), on the 
other hand, concluded from a careful histological study 
of Troctontus, Plastopolypus, and a variety of termi- 
tophilous fly larvae that the organs are sensory in function. 
They noted that the appendages, which they preferred to 
call dactylonémes instead of exudatoria, do not contain 
special glandular tissue and openings in most of the 
species; instead, they are richly supplied with sensory 
units, especially sensilla coeloconica. Whether this much 
more informed opinion is correct, or whether the append- 
ages serve various functions in different termitophile 
groups, it is at least clear that there is a strong selection 
favoring the development of these novel organs since they 
are of independent origin in each of the families that 
possesses them. It may be useful to note also that super- 
ficially similar organs exist in larvae of the ant genus 
Pachysima, which is not associated with termites in any 
way. The function of the exudatoria in these insects is also 
a complete mystery (see Chapter 14). 

Finally, a strange glandular swelling of the antennae 
occurs in at least two groups of myrmecophilous beetles, 
the Paussidae and ectrephine Ptinidae. The club-like form 
of the antennae of the myrmecophilous Clavigeridae, 
Pselaphidae, and Endomychidae, and of the termito- 
philous Tenebrionidae may represent the same phenome- 
non. Mou (1938) has shown that paussid antennae contain 
considerable amounts of glandular tissue, although the 
behavioral significance of the trait seems not to have been 
explicitly investigated. The following observation by Clark 
(1923) on Australian myrmecophilous ptinids is very sug- 
gestive. He watched adults of Enasiba tristis and E. 
conifer in laboratory nests containing a colony of Irido- 
myrmex conifer and noted that occasionally “one, and 
sometimes two ants were seen to attach themselves to the 
antennae, and appeared to be getting great satisfaction 
by nibbling and licking the apical joints, stroking the 
beetle meanwhile with their antennae. None of the ants 
were seen to attach themselves to the fascicles in the 
prothorax.” 

Limuloid body form. A great many of the staphylinid 
and limulodid beetle guests of army ants possess a pro- 
tective body form radically different from the mimetic 
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type (Wasmann, 1920; Seevers, 1965). The overall shape 
superficially resembles that of the Horseshoe Crab 
Limulus: the pronota and elytra of the beetles are ex- 
panded and carapace-like, covering all or most of the 
head, mouthparts, appendages, and even the abdomen, 
which is partly retractile. Wasmann, Wheeler, and others 
have interpreted the limuloid body type to be a defensive 
design against predators and the host ants themselves. 
Wasmann referred to it often as the Trutztypus, despite 
the fact that Schutztypus is more appropriate to its puta- 
tive function. A limuloid form also occurs in some sym- 
biotic flies. The most extreme example known, and surely 
one of the most bizarre morphological modifications of 
any kind in all the insects, is that of Thaumatoxena. The 
adults look more like little crustaceans than the true 
dipterans they are (Figure 20-8). 

Morphological regression. Although certain organs have 
been acquired de novo by the extreme symbionts, for 
example, trichomes, exudatoria, and some of the exocrine 


FIGURE 20-8. An adult of the phoroid fly Thaumatoxena 
wasmanni, showing the extreme limuloid body form associated 
with life in termite colonies (redrawn from Tragardh, 1908). 
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glands, the prevailing feature of morphological special- 
ization has been the reduction or loss of parts. Flightless- 
ness, accompanied by shortening or even loss of the wings, 
is common. Reduction or loss of the eyes is also wide- 
spread. Other general trends include reduction in antennal 
and tarsal segmentation and, at least in some of the 
liquid-feeding symphilic beetles, degeneration of the 
mouthparts. As one might expect, the greatest amount of 
regression occurs in the symphilic species that have be- 
come most closely integrated with the host society. Re- 
gression is also relatively advanced in species that have 
adapted to a more subterranean existence in order to live 
with their hosts. Seevers (1965) conducted a special survey 
of the phenomenon in the staphylinids that live with army 
ants and noted the following recurring traits: eyelessness, 
winglessness, elytral fusion, elytral reduction, fusion of 
cephalic sclerites, extreme fusion of thoracic sclerites, 
reduction in number of antennal and tarsal segments, and 
loss of paratergites and parasternites. A complete loss of 
elytra has occurred in Mimeciton, a condition that may 
be unique among all of the adult nonlarviform beetles. 
Seevers found that the eyes have been lost independently 
in at least ten of the phyletic lines of Aleocharinae that 
live with driver ants. Important regressive changes have 
also occurred in the intestines of the adults of myrme- 
cophilous silverfish, which subsist entirely on liquid meals 
obtained from their ant hosts (Pohl, 1957). 

Integrative behavior. A gradually increasing degree of 
-behavioral integration with the host society constitutes the 
most obvious of the evolutionary pathways along which 
progress in symbiosis can be measured. Multiple devices 
exist for achieving integration. They vary greatly from 
species to species, in ways that are equally dependent on 
the ancestry of the symbionts and on the ecology and 
behavior of the hosts. The explicit analysis of this phe- 
nomenon has scarcely begun. A model is provided by the 
recent study of ecitophilous staphylinids by Akre and 
Rettenmeyer (1966). These authors started by making a 
distinction between “generalized” species, having the 
typical appearance of most Staphylinidae and with no 
obvious modifications for life with ants, and “specialized” 
species, which include the mimetic forms. The specialized 
staphylinids are further distinguished by the possession 
of rigid abdomens held in a single position. Paradoxically, 
these insects are also less common than the nonmimetic 
forms in the host colonies, although, of course, this trait 
was not used in the analysis. Akre and Rettenmeyer were 
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able to compile an impressive list of consistent behavioral 
differences between the two kinds of species, which is 
reproduced in Table 20-2. All represent steps on the part 
of the specialized species to adapt more closely to the host 
ants and to their way of life. It seems likely that biologists, 
by accumulating a number of such dichotomous lists for 
various taxa of symbionts, especially for those living with 
host species which themselves occupy very different 
niches, will be able to gain deeper insight into both the 
varieties of symbiotic existence and the communicative 
devices invented to achieve them. 

This brings us to the matter of communication between 
hosts and symbionts—the “breaking of the host code” by 
the guests of the ants and termites. How do such alien 
creatures manage this? The puzzlement of early investi- 
gators was neatly expressed by Wheeler when he said, 
“Were we to behave in an analogous manner we should 
live in a truly Alice-in-Wonderland society. We should 
delight in keeping porcupines, alligators, lobsters, etc., in 
our homes, insist on their sitting down to table with us 
and feed them so solicitously with spoon victuals that our 
children would either perish of neglect or grow up as 
hopeless rhachitics.” This problem has begun to yield 
somewhat to experimental investigation in the past several 
years, especially when use has been made of the same 
techniques that earlier proved successful in the analysis 
of primary communication among the social insects. It 
seems logical also to apply the same behavioral classifica- 
tion to both cases, and this procedure will be used in the 
following account of symbiotic adaptations. 

1. Trail following. That the guests of army ants can 
orient by the odor trails of the hosts without further cues 
provided by the hosts themselves has been known for a 
long time. Some of the phorids bring up the “rear guard” 
of emigration columns, sprinting deftly along each twist 
and turn of the newly vacated trails. Similar unaided trail 
following can be observed in millipedes and other sym- 
bionts when these animals are traveling in ant columns 
but have entered a stretch momentarily devoid of ants 
(Rettenmeyer, 1963b). Akre and Rettenmeyer (1968) in- 
vestigated this phenomenon systematically by exposing a 
large variety of guests of ecitonine army ants to natural 
odor trails laid over the floor of a laboratory arena. They 
found that nearly all of the species tested, including a 
random sample of Staphylinidae, Histeridae, Phoridae, 
Limulodidae, Thysanura, and Diplopoda, were able to 
orient accurately by means of the trails alone (see Figure 
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TABLE 20-2. Behavioral differences between morphologically “generalized” and “specialized” Staphylinidae associated 


with army ants (from Akre and Rettenmeyer, 1966). 


Generalized species 


1. Live around periphery of bivouacs or in refuse deposits 


2. Found at start of emigration before brood is carried; may be 
found in smaller numbers during rest of emigration; also 
found at end of emigration, including after ants have disap- 
peared from column 


3. Run along edges of emigration columns and short distances 
from columns; sometimes in centers of columns 
4. Sometimes found at bivouac sites shortly after ants have 
emigrated 
5. Do not ride on brood or booty carried by workers in raid or 
emigration columns 
6. Not carried by ants (excluding attacking workers) 
7. Frequently attacked by ants in nest 
8. Attack adult ants but usually kill only injured or weak workers 
9. Can tolerate a wider range of ecological conditions; live with 
a few or no ants for a day to weeks 
10. Never groom living workers; sometimes appear to feed on sur- 
faces of dead workers; workers do not groom staphylinids 
11. Never rub their legs on workers 


Examples: Microdonia, Tetradonia, Ecitana, Ecitodonia 


20-9). In some instances the guests were more sensitive 
to the trail pheromones than the very ants that secreted 
them. In choice tests, the ecitophiles generally preferred 
trails laid by their own host species to those of other army 
ants, and sometimes they were even repelled by the trails 
of the wrong species. However, a few instances were re- 
corded in which the ecitophiles chose the trail of nonhost 
species. None of the symbionts showed an ability to dis- 
tinguish the trails of its own host colony in competition 
with trails laid by other colonies belonging to the same 
species. In case any doubt remains that at least some 
symbionts are actually guided by the pheromone itself, 
the experiments of Moser (1964) on Attaphila fungicola 
can be cited. This little cockroach lives with the fungus- 
growing ant Atta texana, the workers of which depend 
strongly on odor trails for orientation during foraging 
expeditions and their infrequent colony emigrations. That 
Attaphila might respond to the ant pheromone had been 
suggested earlier by observations of A. schuppi following 


Specialized species 


1. Live within bivouacs; rarely seen in refuse deposits or outside 
bivouacs (except on emigrations) 


2. Most frequently found when first part of brood is carried; 
may be present throughout time when brood is seen; rare or 
absent at other times 


3. Run in centers of emigration columns 


4. Absent or rare at bivouac sites shortly after ants have 
emigrated 


5. May ride on booty and brood in emigration columns 


6. Carried by workers (few species only) 
7. Usually not attacked by ants in nest 

8. Do not attack adult ants 
9 


. Can tolerate only a narrow range of ecological conditions; 
usually die within a few hours of removal from colony 


10. Often groom surfaces of living workers; workers tolerate 
grooming and may groom staphylinids 


11. May rub their legs on workers 


Examples: Ecitomorpha, Ecitophya, Probeyeria, Ecitosius 


trails of Acromyrmex in the field in Brazil (Bolivar, 1905). 
Moser demonstrated that A. fungicola will follow the 
pheromone when it is taken directly from the poison 
glands of the host workers and laid along artificial trails 
in the laboratory. He also noted that the cockroaches do 
not depend solely on this ability to disperse from nest to 
nest because individuals have been observed riding on the 
backs of Atta texana queens during the nuptial flights of 
these ants. 

2. Attraction and appeasement. A general characteristic 
of advanced symphiles is their ability to attract host 
workers. As the earlier discussion of mimicry and physo- 
gastry stressed, the attraction appears to be linked to the 
continuing process of appeasement within the host nests. 
It is also the means by which some symphilic species 
induce their hosts to bring them into the nests in the first 
place. If the communication is simple and direct enough, 
it should be possible to extract the attractants, to place 
them on olfactorily inert dummies, and, by presenting the 
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FIGURE 20-9. A symbiotic millipede (Calymmodesmus sp.) is seen running along the odor trail of an emigration column of the army 
ant Labidus praedator (photograph courtesy of C. W. Rettenmeyer). 
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dummies to host workers, to induce the response in the 
absence of other sensory cues. This step has been accom- 
plished by Bert Hölldobler (1970), who demonstrated that 
the scent of Atemeles larvae can be transferred to dummies 
without losing its attractiveness to the host ant workers. 
The technique can be employed as a bioassay that could 
lead eventually to the purification and chemical identifi- 
cation of the attractant. When it succeeds, we will un- 
doubtedly confirm that the symphilic substances are more 
than just elementary nutritive substances or even ana- 
logues of the natural host pheromones. Several authors 
have spoken of a narcotizing effect of symphilic sub- 
stances. Park (1964), for example, noted cases in which 
worker ants licked the trichomes of adult clavigerids for 
long periods of time, after which they were “so over- 
whelmed by this trichome stimulant that they became 
temporarily disoriented and less sure of their footing.” 
Jacobson (1911) has described a remarkable case in which 
an outright predator also uses an intoxicating attractant. 
The reduviid bug Ptilocerus ochraceus of Java feeds to a 
large extent on Hypoclinea biturberculata (placed by 
Jacobson and his contemporaries in the genus Dolicho- 
derus), one of the most abundant ants of southeastern 
Asia. 


The way in which the bugs proceed to entice the ants is as 
follows. They take up a position in an ant-path or ants find out 
the abodes of the bugs, and attracted by their secretions visit 
them in great numbers. On the approach of an ant of the species 
Dolichoderus bituberculatus the bug is at once on the alert; it 
raises halfway the front of the body, so as to put the trichome 
in evidence. As far as my observations go the bugs only show a 
liking for Dolichoderus bituberculatus; several other species of 
ants, e.g. Crematogaster difformis Smith and others, which were 
brought together with them, were not accepted; on the contrary, 
on the approach of such a stranger, the bug inclined its body 
forwards, pressing down its head; the reverse therefore of the 
inviting attitude taken up towards Dolichoderus bituberculatus. 
In meeting the latter the bug lifts up its front legs, folding them 
in such a manner that the tarsi nearly meet below the head. 
The ant at once proceeds to lick the trichomes, pulling all the 
while at the tuft of hairs, as if milking the creature, and by this 
manipulation the body of the bug is continually moved up and 
down. At this stage of the proceedings the bug does not yet 
attack the ant; it only takes the head and thorax of its victim 
between its front legs, as if to make sure of it; very often the 
point of the bug’s beak is put behind the ant’s head, where this 
is joined to the body, without, however, doing any injury to 
the ant. It is surprising to see how the bug can restrain its 
murderous intention as if it was knowing that the right moment 
had not yet arrived. After the ant has indulged in licking the 
tuft of hair for some minutes the exudation commences to 
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exercise its paralyzing effect. That this is only brought about 
by the substance which the ants extract from the trichome, and 
not by some thrust from the bug, is proved by the fact, that 
a great number of ants, after having licked for some time the 
secretion from the trichome, leave the bug to retire to some 
distance. But very soon they are overtaken by the paralysis, even 
if they have not been touched at all by the bug’s proboscis. In 
this way a much larger number of ants is destroyed than actually 
serves as food to the bugs, and one must wonder at the great 
profligacy of the ants, which enables them to stand such a heavy 
draft on the population of one community. As soon as the ant 
shows signs of paralysis by curling itself up and drawing in its 
legs, the bug at once seizes it with its front legs, and very soon 
it is pierced and sucked dry. 

A drawing of Prilocerus ochraceus is reproduced in Figure 
20-10. The bug’s circumspect behavior quite possibly has 
adaptive value. Hypoclinea bituberculata is a member of 
the Dolichoderinae, a subfamily that has developed pow- 
erful defensive secretions which render them immune to 
most predators. H. bituberculata is probably equipped in 
this fashion since its colonies are able to maintain large 
foraging columns in exposed areas during the day. We can 
guess that in the course of its evolution Ptilocerus och- 
raceus has simply discovered an efficient method for 
anesthetizing its prey, thereby avoiding the chemical 
sprays. The example of Prilocerus also has a bearing on 
a once famous controversy about evolution. Erich Was- 
mann was not only the pioneering student of myrmeco- 
philes and termitophiles, but also a dedicated Jesuit 
philosopher who seemed compelled to use his knowledge 
of these insects to disprove the theory of evolution by 
natural selection. He believed that the ants and termites 
take care of their guests because of certain “symphilic 
instincts,” which are modifications of their general philo- 
progenitive instincts. The hosts were envisaged as applying 
a special kind of “amical selection” to breed the more 
peculiar characteristics such as the trichomes and exuda- 
toria, much as human beings deliberately select certain 
strains of domestic animals for their desirable traits. But, 
since the symbionts are mostly parasites who harm their 
hosts, sometimes to the point of jeopardy, such selection 
could not be Darwinian—it must all be part of the Crea- 
tor’s plan for a balanced and harmonious universe. W. M. 
Wheeler, Wasmann’s chief adversary in the more theoret- 
ical discussions, and Karl Escherich were firm in pointing 
out that the conventional Darwinian explanation holds 
equally well in this case, if only we accept the possibility 
that parasites are capable of perverting the otherwise 
adaptive responses of their hosts utilized in colony com- 
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FIGURE 20-10. Ptilocerus ochraceus and the ant (Hypoclinea bituberculata) on which it feeds. At the left is the undersurface of the 
bug’s abdomen with the trichomes that dispense a tranquilizing attractant to the ants (from China, 1928). 


munication. Ptilocerus ochraceus offers strong evidence for 
this particular interpretation since the ant victims could 
in no way have deliberately selected the bugs for their 
trichomes and poisonous secretions, even in the unlikely 
event that an overpowering parental instinct drove them 
to the Ptilocerus abattoirs in the first place. Also, the 
experimental evidence on the kinds of releasing stimuli 
employed by symbionts to intrude into the host systems 
can best be explained as adaptations by the symbionts to 
their hosts, rather than the reverse. 

3. Regurgitation. Several species of the mite genus 
Antennophorus, studied intensively in Europe many years 
ago by Janet (1897b), Wasmann (1902), and Karawajew 
(1906), occur only in nests of the ant genus Lasius. They 
ride on the bodies of the ants, shifting their positions when 
two or more are present on the same ant so as to produce 
a balanced load. When three mites are present, for exam- 
ple, two ride on either side of the abdomen, and the third, 
on the undersurface of the head. When four are present, 
two position themselves on either side of the abdomen 
and head, respectively. The Antennophorus live on food 
regurgitated by the Lasius, either imbibing it as it passes 
between workers or soliciting it directly by stroking the 


heads of the workers with the long, antenna-like forelegs, 
in apparent imitation of the tactile signals used by the 
ants themselves. The same capacity to gull ants into re- 
gurgitation is possessed by the lomechusine staphylinid 
beetles Atemeles, Lomechusa, and Xenodusa (Wasmann, 
1915a), by beetles belonging to Amphotis and Claviger 
(Donisthorpe, 1927; Park, 1964), and even by adult 
mosquitoes (Harpagomyia) and phorid flies (Metopina) 
(Farquharson, 1918; K. Hölldobler, 1928). This re- 
markable vulnerability on the part of the ants suggests 
that there must be some simple trick involved in the 
soliciting procedure. Recently, Bert Hölldobler (1967a,b, 
1970) has nicely demonstrated the nature of the minimal 
tactile signal required. The most susceptible worker ant 
is one that has just finished a meal and is searching for 
nestmates with which to share its crop contents (see 
Chapter 14). In order to gain its attention, a nestmate (or 
myrmecophile) has only to tap its body lightly with 
antennae or forelegs. This causes the donor to turn and 
face the individual that gave the signal. If tapped lightly 
and repeatedly on the labium, it will regurgitate. Other 
ants ordinarily use their fore tarsi for this purpose, while 
myrmecophiles use either their tarsi or antennae. The 
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larvae of Atemeles and Lomechusa, according to Höll- 
dobler, curve the front part of their bodies upward and 
push their labia against those of the host workers (Figure 
20-12). Even these clumsy imitations are enough if the 
donors are heavily laden with crop liquid. Figure 20-11 
shows the whole sequence of the interplay between an 
adult Atemeles and its host. 

Most of the more casual observations of regurgitation 
between host and symbionts suggest that the exchange is 
exploitative, meaning that the liquid flows exclusively 
from the host to the symbiont. Hölldobler’s (1967b) ex- 
periments with radioactive tracers have proved this to be 
the case for the larvae of Atemeles and Lomechusa that 
live in nests of Formica. However, an exception has been 
reported in the case of Amorphocephalus coronatus. Adults 
of this brenthid beetle live with Camponotus in southern 
Europe. According to Le Masne and Torossian (1965), they 
receive food from some of the host workers and regurgi- 
tate part of it back to other host workers. This is the first 
reported example of which I am aware that could be 
construed as altruistic behavior on the part of symphilic 
beetles. The Lycaenidae and honeydew-excreting Ho- 
moptera, which we will examine at greater length shortly, 
donate some of their own food to the hosts in exchange 
for protection on their feeding grounds. The Amorpho- 
cephalus, in contrast, are said to give food back that was 
originally received from the hosts. The implication is an 
important one—that a symbiont can be integrated as a 
colony unit to the extent of showing altruistic behavior. 
For this reason regurgitation in Amorphocephalus and 
other liquid-feeding symbionts deserves closer study in the 
future. 

4. Recognition. The key problem facing a symbiont 
attempting to live as a symphile is to win initial acceptance 
from the host workers, at least as a neutral object and, 
preferably, as a full nestmate. Some symphiles do achieve 
complete adoption as colony members. They are anten- 
nated, groomed, and fed like other workers or host larvae. 
Somehow they acquire the distinctive odors of the host 
species they victimize. Rettenmeyer (1961a) has suggested 
the interesting possibility that the guests of army ants pick 
up the odor in an active fashion while grooming their 
hosts. It is certainly true that the grooming behavior of 
symphilic staphylinids and histerids cannot be attributed 
entirely to the ingestion of edible cuticular materials. Akre 
and Torgerson (1968) have described the elaborate 
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grooming rituals of a staphylinid guest of Neivamyrmex: 
“While Probeyeria and Ecitophya straddled their host 
across the longitudinal axis of the body, Diploeciton as- 
sume a position parallel to, but slightly to one side of and 
on top of, the ant. To position itself, a beetle grasps with 
its mandibles the scape of an antenna of an ant close to 
its base. It then positions its body parallel to the body 
of the ant and uses the first and third legs on the lower 


FIGURE 20-11. The soliciting of regurgitation by the 
staphylinid Atemeles pubicollis. The beetle gains the attention 
of the ant worker (Myrmica sp.) by tapping it on the side with 
its antennae (top). The ant turns (center) and then is induced to 
regurgitate when the beetle taps its fore tarsi on her labium 
(bottom) (from B. Hölldobler, 1970). 
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side of the body te brace against the substrate. The three 
legs on the other side of the body then straddle the ant. 
The mesothoracic leg on the bottom curls under and 
around the therax of the ant. This places the sternum of 
the beetle’s thorax against the side of the thorax of the 
ant as though nding ‘sidesaddle- In this position the beetle 
Tubs the ant with its legs. The mesothoracie lower leg rubs 
the bottom of the therax and the upper legs rub on the 
dorsal area of the ant: the prothoracic leg usually rubs 
the head of the ant. the mesothoracic leg rubs on the 
thorax and gaster, while the metathoracic leg is used 
sparingly to rub the gaster of the ant. The rubbing strokes 
are rather slow and alternate between stroking the bodv 
of the ant and the staphvhnid’s own body. The front leg 
is rubbed on the head and thorax, both middle legs are 
rubbed on the elvira and the globular portion of the 
myrmecoid abdomen, while the metathoracic leg was 
rubbed only rarely on the abdomen.” The stroking move- 
ments of the staphvlinids and histerids calm the ants and 
in some instances, according to Akre and Torgerson, seem 
to paralyze them parnally. However, this is not another 
case of a fatal seduction of the kind worked bv Prölocerus, 
for the ecitophiles do not attack their adult hosts. They 
feed only on the brood. which. interestingly enough, are 
not recipients of the grooming ritual. 

A still rarer feat for swmbionts is to dupe the host 
workers into treating them as particular immature stages 
in the host broed development. This the larvae of the 
lomechusine staphvlinids have accomplished with dis- 
tinction (Wasmann, 1915a). These parasites are grub 
shaped and able to move about only short distances with 
the use of their short legs. They are treated by their For- 
mica hosts like their own larvae and allowed to lie among 
the host brood, which they proceed to consume vora- 
ciously. The lomechusine grubs are also adept at soliciting 
regurgitated food from the ants (Figure 20-12). Hölldobler 
(1967b) has discovered that a substance identified bv the 
workers with their own brood can be separated from the 
bodies of the Atemeles. When he extracted the parasite 
larvae in acetone and soaked dummies in the mixture. the 
dummies became temporamily attractive to the ant workers 
and were treated as pieces of broed. Thus it appears 
possible that nothing more than production of the right 
“pseudopheromone” and one or two crude signaling 
movements can suffice to insert a parasite into the heart 
of the host colony. The adaptations of the lomechusines 
appear not to have gone verv far beyond this point. 
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Wasmann found that members of the genus Zomechuse 
suffer heavy mortality at the pupal stage for the very 
reason that the ants keep on treating them as brood. A 
mature larva of Formiea must be buried in soil in order 
to spin its coven and pupate inside. After this is accom- 
plished, the nurse workers dig it up. clean it off, and place 
it with other awvened pupae in one of the drier brood 
chambers. If the whole procedure is practiced on a 
Lomechusa larva, the result is fatal. The larva needs to 
be buried all right. but afterwards the pupa cannot teler- 
ate exhumation and transport to the dry chambers. The 
Species itself is able to survive only because a small per- 
centage of the Lomechusa pupae are overlooked by the 
Formica workers and allowed to remain covered by soll. 
An additional population control, noted by Hölldobler 
(personal communication) is cannibalism among the 
Lomechusa larvae. 

We have seen how guests of the ecitonmne army ants 
are able to identifV and track down their host species by 
following the oder trails. Such behavior is not universal 
among symbionts. When Halldebler(196%a) gave Aremeles 
pubjcollix, a guest of nonlegionary ants in Europe, an 
opportunity to follow trails of their hosts, they failed to 
respond. Thev alse paid no attention to the exits of 
laboratory nests containing host colonies so long as the 
test arenas were kept in sull air. But when a weak air 
current was drawn first over the colonies and then in the 
direction of the beetles, the 4remeles ran upwind. This set 
of stimuli closely approximates the natural condition a 
beetle would tind itself in while searching for host nests 
over the surface of the ground. Hölldobler alse discovered 
that the odor preference of the A. pudicoflis adults changes 
with age. Wasmann had learned many vean previously, 
and Hölldabler confirmed, that the beetles migrate fram 
nests of Formica to those of Myrmica six to ten days atter 
they eclose from the pupae. The following spring the 
beetles return te nests of Formica, where they reproduce. 
According to Hölldobler. the physiological basis of the 
shift is quite elementary: after eclosion, the beetles are 
attracted to air laden with Myrmica seent in preference 
to that of Formica. but, when they emerge from hiberna- 
tion, their preference switches back to Fermica The 
adaptive basis may be the availability of larvae. which 
are the chief prev of the beetles. Myrmica maintains larvae 
in its nest throughout the late fall, winter, and early spring, 
but Formica do not. However, during the summer the 
Formica colonies provide a richer source of larvae. 


FIGURE 20-12. Above: À iarva of the staphylinid Atemeles pubicollis feeds on a larva of one of its host 
ants (Formica). Below: A Formica worker regurgitates to an Atemeles larva. Glands believed to be the 
source of a false brood identification odor are located in pairs on the dorsal surface of each of the body 
segments of the Atemeles larva (from B. Hölldobler, 1971). 
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5. Alarm. Although the relationship of most myrmeco- 
philes and termitophiles to their hosts appears to be 
wholly parasitic, the Amorphocephalus case should alert 
us to the possibility that symbionts can sometimes con- 
tribute in a positive manner to the communication system 
of the colony. Blum (1969) reports that an inquilinous 
Japanese species of the staphylinid genus Zyras produces 
a scent that resembles citronellal, one of the alarm phero- 
mones of its ant host Lasius spathepus. The Zyras sub- 
stance induces a strong alarm response in the worker ants. 
It is not known whether the beetle directs its substance 
at the hosts, or whether it discharges only in the presence 
of common enemies in a fashion geared to the needs of 
the colony communication system. 


Why Do Social Wasps and Bees 
Have Fewer Guests? 


We now come to the interesting question of why obli- 
gate symbionts are not as highly evolved in the nests of 
social wasps and bees as they are in the nests of ants and 
termites. Not only are fewer species associated with bees 
and wasps, but their adaptations for symbiotic life are 
generally far less pronounced. The chief exceptions are 
mites, beetles, and flies that live as scavengers and brood 
commensals. Some of the species living with stingless bees 
possess limuloid or turtle-like body forms (see Figure 
20-13). Most of the other species seem to be quite gen- 
eralized in form and behavior and are probably either 
attacked by their hosts or at best treated indifferently. I 
know of only a single example of a true symphile among 
these insects, by which I mean a species that communi- 
cates with the hosts on their own terms and is integrated 
to some degree into their society. This is Echthrodape 
africana, a perilampid wasp whose larvae are ectoparasites 
on the pupae of allodapine bees of the genus Braunsapis 
in Africa. According to Michener (1969b), the Echthrodape 
larvae are apparently moved around the nest by the host 
adults and placed with host brood in comparable stages 
of development. The feces of both the host and parasite 
larvae are also cleaned out by the adult Braunsapis. 

The general lack of sophistication among sphecophiles 
and melittophiles seems unlikely to be due to some basic 
peculiarity in the social behavior of the hosts. Social wasps 
and bees employ most of the same fundamental commu- 
nication forms as do ants and termites—trophallaxis, 
grooming, progressive care of larvae, nestmate recognition 
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FIGURE 20-13. Guests of meliponine bees that have 
developed defensive body forms: (A) Melittophora salti, a 
phorid fly with short legs, sparse pilosity, and overlapping body 
parts that protect the softer intersegmental zones; (B) 
Cleidostethus meliponae, a tiny, aberrant coccinellid beetle with 
completely retractable head and appendages (redrawn from 
Salt, 1929). 


and territorial defense, alarm, and even trail following. 
Much more impressive are the great differences that exist 
between the army ants and the higher termites, the two 
groups with the largest and most complex symbiont 
faunas. Bees and wasps keep their brood in cells and do 
not transport them from place to place. However, this does 
not seem likely to exert a great influence on the develop- 
ment of guests that live on regurgitated food or booty 
brought in by host workers or even, for that matter, on 
the host brood itself. No really important differences in 
colony size exist. Some of the higher Polybiini form 
colonies of thousands of adults. The mature colonies of 
the honeybees and some meliponines contain tens of 
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thousands of workers, among the largest found in the 
social insects and at least comparable in size to some 
colonies of ants that support a rich symbiotic fauna. Nor 
are the nests of social wasps and bees particularly short- 
lived or unstable. The colonies of some species of melipo- 
nines and polybiines, for example, often remain in the 
same positions for years. 

However, the colonies of wasps and bees appear to me 
to be distinguished by one important feature that does 
provide a plausible explanation for the scarcity of symbi- 
onts. Both groups tend to construct compact, tightly sealed 
nests in arboreal locations. There must be relatively few 
potential arthropod guest species that are preadapted for 
the penetration of such nests. The right combination 
would seem to be some degree of specialization for ar- 
boreal life and a preference for dark, tight spaces, perhaps 
together with a tolerance for higher temperatures and 
lower humidities. These preferences are displayed by only 
a small minority of arthropod species, including those 
adapted for life in tree holes, standing dead branches, and 
the deeper layers of bark. Even the ones thus preadapted 
to enter wasp and bee nests must pass some formidable 
additional obstacles—thick envelopes of carton or wax 
sometimes reinforced by cement-like propolis and narrow, 
tightly guarded nest entrances often lined with sticky or 
repellent substances. Also, detritus on which would-be 
scavengers can feed is scarce inside the nests because the 
workers of many species simply take most of it to the nest 
entrance and eject it. Also, as Salt (1929) has pointed out, 
bees produce smaller amounts of refuse in the first place, 
because the pollen and nectar that make up their diets 
are highly concentrated food sources. By comparison ant 
and termite nests are relatively open systems, rich in refuse 
and embedded in environments not greatly different from 
their own interiors. Carton, wax, and uncongenial sealing 
materials are seldom used as principal building materials. 
A great array of arthropod species, in fact the largest 
single component of the entire arthropod fauna of the 
world, lives in soil and rotting vegetable matter of the kind 
that forms the matrix of most ant and termite nests. Op- 
portunities abound for penetration into the many cham- 
bers and galleries that go unguarded from time to time. 
It seems reasonable, therefore, to suggest that the differ- 
ences in symbiont diversity between the major groups of 
social insects has originated in evolution as a statistical 
outcome of the initial differences in the opportunities for 
invasion presented by their nests. 
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The Trophobionts 


As aphids feed on the phloem sap of plants, they pass 
a sugar-rich liquid through their gut and back out through 
the anus in only slightly altered form. During the passage 
of this “honeydew,” as much as one-half of the free amino 
acids are absorbed by the gut (according to measurements 
made in Tuberolachnus salignus by Mittler, 1958), sugars 
are partly absorbed and converted into glucosucrose, 
melezitose, and higher oligosaccharides, while other 
classes of substances, including organic acids, B-vitamins, 
and minerals, are probably partially taken up as well. The 
remainder of the complex mixture is excreted. To process 
a large volume of phloem sap and discard the excess as 
honeydew evidently costs the aphid less in calories than 
a more nearly total extraction from smaller quantities of 
sap. The amounts of honeydew produced by individuals 
are often prodigious. First instar nymphs of Mittler’s 
Tuberolachnus excreted droplets at the rate of seven drop- 
lets per hour, each droplet containing 0.065 ul, and the 
total output per aphid was 133 percent of the aphid’s 
weight every hour. Other species that have been analyzed 
are slightly more modest, their hourly output ranging from 
1.9 to 13.3 percent of body weight per hour (Auclair, 
1963). When unaided by ants, the aphid disposes of the 
droplets by flicking them away with its hind legs or cauda 
or by expelling them by contracting its rectum or entire 
abdomen. The honeydew then falls upon the vegetation 
and ground below. Similar substances are excreted by 
several other groups of sap-feeding Homoptera, including 
scale insects (Coccidae), mealybugs (Pseudococcidae), 
jumping plant lice (Chermidae = Psyllidae), treehoppers 
(Jassidae, Membracidae), leafhoppers (Cicadellidae), 
froghoppers or spittle insects (Cercopidae), and members 
of the “lantern-fly” family (Fulgoridae). Sometimes 
honeydew accumulates in large enough quantities to be 
usable by man. The manna “given” to the Israelites in 
the Old Testament account was almost certainly the ex- 
cretion of the coccid Trabutina mannipara, which feeds on 
tamarisk. The Arabs still gather the material, which they 
call “man.” In Australia, chermid honeydew is collected 
as food by the aborigines. Referred to as “sugar-lerp,” up 
to three pounds can be harvested by one person in a single 
day. It is no surprise, therefore, to find that ants also 
gather honeydew of all kinds. Many, perhaps most, species 
collect it from the ground and vegetation where it falls. 
But many others have developed the capacity to solicit 


Chapter 20 


the honeydew directly from the homopterans themselves. 
A great majority of the members of the three phylo- 
genetically most advanced subfamilies, the Myrmicinae, 
Dolichoderinae, and the Formicinae, attend homopterans 
to some extent. To use one last term from Wasmann, the 
ants can be said to have entered into trophobiosis with 
the homopterans. As trophobionts, the homopterans differ 
from other ectosymbionts in a basic way: they obtain their 
own food and pass some of it on to their hosts. The extent 
of utilization of honeydew in the diet varies greatly among 
ant species. In the highly predaceous myrmicine Daceton 
armigerum, it is only an occasional event (Wilson, 1962b). 
The diet of the common wood ant of Europe (Formica 
rufa), according to one study by Wellenstein (1952), con- 
sists of about 62 percent honeydew. Extreme trophobiosis 
is practiced by certain subterranean ants believed to be 
totally dependent on root aphids and coccids. The best- 
known examples are two formicine genera: Acanthomyops, 
which is restricted to North America (Wheeler, 1910; 
Wing, 1968), and Acropyga, studied in Central and South 
America by Bünzlı (1935) and Weber (1944). In neither 
case has it been established beyond doubt that the colonies 
live entirely off their “cattle,” but the circumstantial evi- 
dence is strong that they can do so. Honeydew may or 
may not suffice by itself. As Way (1963) has pointed out, 
the data are not adequate to determine the matter. Ex- 
periments by Lange (1960b) and Ayre (1960) showed that 
colonies of Formica polyctena decline slowly when fed with 
pure bee honey made from honeydew. It is nevertheless 
quite possible that the honeydew obtained directly from 
root homopterans is nutritionally richer. It is further pos- 
sible that Acanthomyops and Acropyga obtain extra pro- 
tein by eating some of their homopterans. Cropping of 
homopterans does occur under at least some circum- 
stances. For example, Way (1954b) found that laboratory 
colonies of the weaver ant Oecophylla longinoda, when 
presented with excessive members of its trophobiotic 
coccid, killed and removed individuals until the popula- 
tion had reached the level required for a sufficient but 
not excessive outflow of honeydew. 

The means by which ants obtain honeydew from their 
aphids was first fully described by Pierre Huber in 1810, 
and his account is accurate enough to provide a paradigm 
of this form of behavior. The ants involved belonged to 
the common European formicine species Lasius niger: 
A thistle branch was covered with brown ants. I watched the 


latter for quite a while in an effort to determine the precise 
moment at which they released the secretion. I found that the 
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liquid very rarely exuded by itself and that the aphids, if sepa- 
rated from the ants, discharged it to a distance with a sudden 
jerking movement. Why did all the ants on the stems have their 
abdomens apparently distended with liquid? I was able to 
answer this question by watching a single ant, whose exact 
procedure can be described as follows. I saw her first walk over 
some of the aphids without pausing or disturbing them. But she 
soon halted near one of the smallest individuals and appeared 
to caress its abdomen, stroking it alternately with one and then 
the other antenna. I was surprised to see the liquid emitted from 
the aphid’s body, and that the ant seized and drank the droplet 
at once. She then applied her antennae to another, much larger 
aphid, which voided a larger drop of the nutritious liquid. The 
ant moved forward to receive it and then moved on to a third 
aphid, which was caressed in the same manner. The liquid was 
voided immediately and then imbibed by the ant. She moved 
on; a fourth aphid, probably already exhausted, refused to 
respond to her solicitations, and the ant, probably realizing she 
had nothing to expect, deserted this individual for a fifth one, 
from which I saw her obtain a further supply of food. A few 
such repasts are quite sufficient, and the satiated ant returns to 
the nest . . . I witnessed this remarkable procedure thousands 
and thousands of times; it was always followed by the ants when 
they wished to obtain food from the aphids. If the latter are 
neglected too long, they discharge the honeydew on the leaves, 
where the returning ants find and collect it prior to approaching 
the insects from which it originated. On the other hand, if the 
ants visit the aphids zealously, the latter seem to comply with 
their desires by hurrying up the evacuation of the liquid. This 
is indicated by the diameter of the droplet. At such times they 
do not eject the ant-manna at a distance but, in a manner of 
speaking, retain it and hand it over to their attendants. It some- 
times happens that the ants are so numerous on a particular 
plant that they exhaust the aphids with which it is covered. 
Under these circumstances they stroke the bodies of the aphids 
in vain and are forced to wait until these insects have pumped 
up a fresh supply of sap from the stems. The aphids are by no 
means parsimonious, and if they have anything to give, never 
fail to respond to the solicitation of the ants. I have repeatedly 
seen the same aphid yield several drops in succession to different 
ants that seemed very eager for the syrup. 


Typical aphid tending by the related genus Formica is 
illustrated in Figure 20-14. The interaction appears to be 
essentially similar among all the homopterans and the ant 
species that attend them. Moreover, the mutualism is 
probably of ancient origin. Wheeler (1914) has described 
finding aphids associated with Iridomyrmex goepperti in 
a block of Baltic amber, of Oligocene age. Iridomyrmex, 
like many of the other ant genera common in the Baltic 
amber and other early Tertiary fossil deposits, has sur- 
vived relatively unchanged in external morphology, and 
its living species still attend honeydew-producing homop- 
terans. 

The protection by the ants permits the homopterans to 
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FIGURE 20-14. Workers of Formica polyctena attending aphids (Lachnus roboris) (original drawing by Turid Hölldobler). 


develop larger, more stable populations and increases 
their overall rate of dispersal. Because of this important 
fact, economic entomologists have conducted intensive 
research on all conceivable aspects of the mutualism, and 
a large and specialized literature on the subject has grown 
through the years. Reviews that mark successive stages 
in the development of the subject and yet are only partly 
overlapping in empirical content have been provided by 
Büsgen (1891), Wheeler (1910), Jones (1929), Herzig 
(1937), Nixon (1951), and Zwölfer (1958), and, most re- 
cently and authoritatively, by Auclair (1963) and Way 
(1963). Of paramount interest is our improving knowledge 
of the special adaptations that both of the insect partners 
have evolved with the apparent sole function of imple- 
menting the mutualism. The following brief account is 
drawn chiefly from the accounts by Wheeler and Way. 

Modifications of homopterans to ants. Symbiotic ho- 
mopterans ease out the droplets of honeydew when so- 
licited by ants, rather than ejecting them at a distance. 
Individuals of the black bean aphid (Aphis fabae) show 
the following typical specialized responses in the presence 
of ants: the abdomen is raised slightly, the hind legs are 
kept down instead of being lifted and waved as in un- 
attended aphids, and the honeydew droplet is emitted 
slowly and held on the tip of the abdomen while it is being 


consumed by the ants. If a droplet is not accepted, the 
aphid will often withdraw it back into the abdomen. The 
required stimulus for honeydew excretion is a simple, 
mechanical one. According to Mordwilko (1907), many 
of the symbiotic aphid species can be induced to emit a 
droplet by merely brushing the abdomen with some deli- 
cate object in imitation of the caressing movements of the 
ant’s antennae and forelegs. I have done this successfully 
myself with giant myrmecophilous coccids in New Guinea 
using one of my own hairs, and then collected the material 
directly from the insects and tasted it. Constant attentions 
from the ants of this sort increases the production of 
honeydew by aphids by as much as a factor of three. 

The extreme myrmecophilous aphids have evolved to 
the status of little more than domestic “cattle.” They have 
reduced or lost the usual defensive structures found in free 
species, including the defensive abdominal spouts called 
cornicles that secrete a quickly hardening wax, the dense 
cloaks of flocculent wax filaments secreted by special 
hypodermal glands, the sclerotized exoskeletons, and the 
modifications of the legs for jumping. On the other hand 
they have acquired a new trophobiotic organ, a circlet of 
stiff hairs around the anus that serves to hold the honey- 
dew droplet while it is being eaten by the ant. Long anal 
hairs found on certain pseudococcids evidently serve the 
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FIGURE 20-15. Javan pseudococcids of the genus 
Hippeococcus escape from danger by climbing onto the backs 
of their host ants and allowing themselves to be carried to 
safety. Their legs and tarsi are apparently specially modified 
for this purpose. Here three individuals are shown being 
carried by a worker of Hypoclinea gibbifer (modified and 
redrawn from Reyne, 1954). 


same purpose (see Figure 20-15). Kloft (1959b) has made 
the intriguing suggestion that the rear of the aphid’s ab- 
domen resembles the head of an ant worker, and the 
kicking of the aphid’s hind legs represents an imitation 
of the antennal movements of an ant. The stimuli pre- 
sented induce the visiting ant workers to mistake the aphid 
for a donor ant in the special way that any animal makes 
a mistake when confronted with the small but vital set 
of releasers out of context. The solicitation that follows, 
according to Kloft, is just a slight perversion of the ordi- 
nary trophallaxis occurring between sister workers. While 
very original, this is not a persuasive argument. Coccids 
and mealybugs are attended with equal fervor and pre- 
cision, yet their appearance and behavior make them 
appear wholly different from their ant hosts. The resem- 
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blances between the aphids and the heads of ants are at 
best subtle ones that might easily be termed coincidence. 

Special note must be taken of the extraordinary trans- 
port behavior shown by the genus Hippeococcus. These 
pseudococcids, described from Java as a new genus by 
Reyne (1954), are kept by ants of the genus Hypoclinea 
in their underground nests and on trees and shrubs 
nearby. When they are disturbed the small Hippeococcus 
climb onto the bodies of the ants or else are gathered by 
the ants in their mandibles. The ant riding is made possi- 
ble by long, grasping legs and flat, sucker-like tarsi (see 
Figure 20-15). 

Experiments by El-Ziady and Kennedy (1956) have 
revealed that the presence of ants of the genera Lasius 
and Paratrechina delays the production of alates in popu- 
lations of species of Aphis and hence postpones their 
dispersal and increases their population density. Several 
physiological models have been proposed to explain the 
result, but critical experimentation to choose among them 
is still lacking. The important point remains that ants are 
capable, accidentally or otherwise and with or without 
cooperative adaptations on the part of the aphids, of 
increasing the population densities of their charges and 
thus increasing their honeydew yield. 

The life cycles of homopterans, which Zwölfer and 
others have documented so thoroughly, crucially affect the 
success of the trophobiosis. The ideal trophobiont is one 
which feeds on a single species of food plant and whose 
life cycle is not tightly synchronized, so that stages capable 
of producing honeydew are available throughout the year. 
The evidence shows that not only do taxa possessing these 
properties as original traits become trophobiotic more 
frequently, but some species also acquire or enhance them 
secondarily in evolution after the association with ants has 
begun. 

In passing I believe it will be useful to negate what has 
long threatened to turn into a serious canard in the litera- 
ture of mimicry and symbiosis. In 1891 Edward B. Poulton 
reported that leafhoppers imitate the cut pieces of leaves 
carried by the parasol ants of the genus Atta. Poulton 
published a figure showing nymphs of a membracid spe- 
cies (believed to belong to the genus Stegaspis) walking 
among columns of homeward bound A. cephalotes 
workers. There is no doubt that the flat, green upper body 
of the treehopper resembles a piece of leaf carried by the 
ants, and that the lower part of their bodies and append- 
ages could pass for the burdened ants themselves. Al- 
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though I have not encountered any mention of this case 
in subsequent literature, it has been frequently discussed 
among naturalists in conversation. Both Wheeler and 
William Beebe, for example, believed in it. And, if true, 
it would be, as Poulton said, an example of protective 
mimicry “more wonderful in its detail and complexity 
than any which has been heretofore described.” However, 
the evidence is very flimsy and dubious. The membracids 
were not seen in the.column of ants; Poulton’s drawing 
is an admitted fiction. They were collected from a bush 
in Guyana, which may or may not have been visited by 
Atta. Species of Atta are not known to attend homopterans 
in any case, and there is no obvious reason why mem- 
bracids would ever need to leave their host plant in the 
company of the ants. Nevertheless, it would be interesting 
if some entomologist could rediscover these insects and 
study their behavior in the field to settle the matter once 
and for all. 

Modifications of ants to Homoptera. The fact that ants 
do not normally attack and eat their homopteran associ- 
ates is evidence by itself that behavioral evolution has 
occurred which accommodates them to the mutualism. 
Their mode of soliciting honeydew is essentially the same 
as that used to initiate regurgitation within the colony. 
But the fact that it is directed at such alien arthropods 
seems to indicate the existence of a second major behav- 
ioral adaptation on the part of the ants. Some species of 
ants go so far as to care for the homopterans inside their 
nests. In the early studies of S. A. Forbes and F. M. 
Webster, for example, it was discovered that the eggs of 
the corn-root aphid (Aphis maidiradicis) are kept by colo- 
nies of the ant Lasius neoniger in their nests throughout 
the winter. The following spring the newly hatched 
nymphs are transported to the roots of nearby food plants. 
If the host plants are uprooted, the ants move them to 
undisturbed root systems in the vicinity. During the late 
spring and summer, some of the aphids transform into 
alates and disperse on their own. After they have settled 
and begun to feed, they may be adopted by other ant 
colonies in whose territories they happen to have fallen 
(Forbes, 1906). When eggs are tended in this way, they 
are often mixed with the host brood. Also, when the nest 
is disturbed, the ants pick up their homopterans and 
transport them to safety in a manner indistinguishable 
from the rescue of their own brood. Ant workers chase 
potential predators and parasites away from the homop- 
terans but, again, in the same way that they protect their 
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nests and inert masses of food. Generalizations of this kind 
led Herzig (1937) and Nixon (1951) to question whether 
the ant-homopteran symbiosis is really an advanced 
mutualism involving extensive coadaptation. Herzig went 
so far as to suggest that most of the behavior of the ants 
toward aphids can be explained as a compromise between 
two opposing primitive motivations: avoidance because 
of unpalatability of their flesh, and attraction because of 
their honeydew. But now there is sufficient evidence to 
show that the ants do respond toward the aphids in spe- 
cialized ways that can only represent an adaptation on 
their part. It has been established beyond doubt that 
workers of at least some ant species carry their homop- 
teran guests to the appropriate part of the food plant, and 
at the correct stage of the trophobionts’ development. 
Such behavior has been documented, for example, in the 
case of Acropyga and its root coccids by Bünzli (1935), 
in Oecophylla and Saissetia by Way (1954b), and in Lasius 
and Stomaphis by Goidanich (1959). Even more impres- 
sive is the fact that the queens of certain ant species carry 
coccids in their mandibles during the nuptial flight. 
This habit, which has no parallel in the behavior of non- 
coccidophilous ants, has been observed in a species of 
Cladomyrma in Sumatra by Roepke (1930), in Acropyga 
paramaribensis in Surinam by Bünzli (1935), and in an un- 
identified formicine (possibly Acropyga) in China by 
W. L. Brown (1945). 

Ants are not the only organisms that attend homop- 
terans. According to Salt (1929), stingless bees of the genus 
Trigona collect honeydew directly from membracids in 
Brazil, and at least one species “tickles” the treehoppers 
to induce flow. Belt, in The Naturalist in Nicaragua (1874), 
observed social polybiine wasps of the genus Brachygastra 
attending membracids. “The wasp stroked the young 
hoppers, and sipped up the honey when it was extruded, 
just like the ants. When an ant came up to a cluster of 
leaf-hoppers attended by a wasp, the latter would not 
attempt to grapple with its rivals on the leaf, but would 
fly off and hover over the ant; then when its little foe was 
well exposed, it would dart at it and strike it to the 
ground.” Silvanid beetles of the Neotropical genera 
Coccidotrophus and Eunausibius attend pseudococcids in 
the hollow leaf petioles of Tachigalia (Wheeler, 1928). A 
few lycaenid butterflies milk homopterans while in the 
adult or larval stage. The adults of Allotinus horsfieldi, for 
example, solicit honeydew from aphids by stroking them 
with their forelegs (Bingham, 1907). Larvae of Lachno- 
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cnema bibulus depend entirely on honeydew solicited from 
membracids and jassids and possess modifications in the 
forelegs that are apparently adapted to this single purpose 
(Hinton, 1951). Certain flies (Revellia quadrifuscata) solicit 
honeydew from membracids by drumming on the backs 
of the homopterans with their fore tarsi (Andrews, 1930). 

It is also true that trophobionts occur in other groups 
besides the Homoptera. Green (1900) recorded a case of 
a hemipteran bug, Coptosoma sp. (Plataspididae), being 
attended in Ceylon by Crematogaster workers. A majority 
of the lycaenid and riodinid butterflies are closely associ- 
ated with ants in the same way (Wheeler, 1910; Lamborn, 
1914; Donisthorpe, 1927; Hinton, 1951). According to 
Hinton, myrmecophily appears to be a primitive trait 
among the living lycaenids; its absence in some species 
is considered to be due to a secondary loss in evolution. 
Lycaenid larvae are visited by ant workers while they feed 
on their host plants. By stroking their backs with their 
antennae and forelegs, the ants induce the larvae to dis- 
charge a secretion from an unpaired gland located on the 
dorsum of the seventh abdominal segment, and they 
imbibe the liquid like honeydew. Other, paired glands on 
the eighth abdominal segment seem in some species to 
produce a volatile attractant that draws the ants to the 
caterpillars in the first place, but they do not emit a liquid 
during the milking sequence. A typical episode is recorded 
by A. L. Rayward (in Donisthorpe, 1927) of an interaction 
between caterpillars of the Chalk-hill Blue (Agriades 
coridon) and workers of the ant Lasius flavus in England. 
The caterpillars, which were feeding on Hippocrepis, were 
literally covered by the ants, twenty being observed on 
and around one individual alone. When a caterpillar was 
isolated and a single flavus worker placed near it, the ant 
“at once began to run to and fro about the body of the 
larva, waving its antennae excitedly. In a few minutes it 
found its way to the gland on the seventh abdominal 
segment, and stroked it with a rapid movement of the 
antennae and first pair of legs. This action was repeated 
several times, when suddenly the gland was distended, and 
one, two, or more tiny beads of a crystal-clear fluid were 
slowly expelled, and were greedily sucked up by the ant.” 
In return, the lycaenid and riodinid caterpillars are pro- 
tected from predators and parasites by their attendants. 
Sometimes the ants go so far as to construct crude earthen 
“cattle-sheds” around the larvae of the same kind some- 
times built for honeydew-producing homopterans (Ross, 
1966). 
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The relationship has become clearly obligatory on many 
if not all of the lycaenids attended by ants. If the dorsal 
gland exudates are not removed regularly by ants, the 
caterpillars soon die (Hinton, 1951). Furthermore, a few 
of the species have evolved beyond trophobiosis into other 
forms of symbiosis with the ants. For example, the larva 
of the Large Blue (Lycaena arion), another species found 
in England, feeds on wild thyme and is attended by ants 
until it reaches the third instar. Then it crawls down onto 
the ground and wanders about until it meets a worker of 
the ant genus Myrmica. After the ant milks it of some of 
its abdominal secretion, the larva deforms its body into 
a striking new shape: it retracts its head and swells its 
thoracic segments up while at the same time constricting 
its abdominal segments, giving the body a hunched, ta- 
pered look (Figure 20-16). Apparently this serves as a 
signal to the ant. Perhaps the altered body form releases 
an attractant or imitation ant-larval substance. Whatever 
the case, the ant now picks the caterpillar up and trans- 
ports it back to its nest. Once ensconced in the brood 
chambers, the caterpillar turns carnivore, feeding heavily 
on the helpless host ant larvae. When it reaches full ma- 


FIGURE 20-16. The adoption procedure of the third instar 
larva of the Large Blue, Lycaena arion. The individual above is 
searching for a host ant and still has the typical shape of a 
lycaenid larva. The larva at the bottom has been milked by the 
Myrmica worker, and, after hunching its body up, it is being 
transported back to the nest by the ant (redrawn from 
Frohawk, 1915). 
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turity, it pupates and overwinters in the nest, emerging 
as an imago the following June. 

The caterpillar of the widespread Asiatic and Australian 
lycaenid Liphyra brassolis feeds on larvae of the green 
weaver-ant Oecophylla smaragdina (Dodd, 1902). It is 
covered by a tough shell, apparently as protection against 
its hosts, and when it pupates it remains within the larval 
exoskeleton like a cyclorrhaph dipteran. When the but- 
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terfly hatches, it is covered by a dehiscent cloak of white, 
gray, and brown scales. Then, as the Oecophylla attempt 
to seize the butterfly during its egress from the nest, they 
get only mandibles and antennae full of the scales. Ac- 
cording to Hinton (1951), a similar adaptation has been 
reported in several other lycaenid species as well as in the 
South American pyralid Pachypodistes goeldi. 


21 The Population Dynamics of Colonies. 


The first nineteen chapters of this book summarized 
what is usually regarded as the substance of insect soci- 
ology—those tangled patterns of life cycle, caste, and 
communication that make up the unique adaptations of 
social existence. In Chapters 17 and 18, which dealt with 
genetic theory and optimization, we examined the under- 
lying mechanism of natural selection. Throughout, partial 
explanations of social phenomena were contrived from the 
evidence concerning proximate causation in physiology 
and behavior combined with the theory of ultimate causa- 
tion through colony-level selection. But now it must be 
recognized that a major piece is still missing. This is the 
population ecology of colonies, a subject the full implica- 
tions of which have only begun to be envisioned, and then 
cloudily, by students of social insects within the past 
twenty years. In Figure 21-1, I have tried to schematize 
the relationship of this new discipline to what has gone 
before. The idea can be expressed essentially as follows. 
The superficial aspects of caste, communication, and other 
social phenomena represent adaptations that are fixed by 
natural selection at the colony level. Natural selection at 
the colony level is the differential survival and repro- 
duction of sets of very closely related genotypes. In order 
to understand survival and reproduction fully, it is neces- 
sary to go beyond insect sociology into population and 
community ecology. A conscientious review of those sub- 
jects has already been provided by M. V. Brian (1965b), 
and the reader should see his book for many details im- 
portant in themselves but not essential to explanations of 
social phenomena that will not be repeated here. This is 
particularly true of the topics of predation, food supply, 
and community organization. What I would like to at- 
tempt now is to make explicit the connections between 


population dynamics and social phenomena, as conceived 
in Figure 21-1, and to discuss at some length the most 
relevant ideas and data from population ecology. This 
approach has revealed serious shortcomings in both theory 
and factual information. The theory of population ecology 
is inadequate for most conventional animal popula- 
tions—see, for example, the pessimistic appraisals by 
Slobodkin (1961) and Watt (1968)—and it is largely un- 
developed for the special case of social insect colonies. 
Conversely, when existing data on insect colonies are 
assembled in a form applicable to existing theory, they 
are usually very incomplete. The best hope is that, by 
examining this important subject in a systematic manner, 
the most fruitful paths for future research can be identi- 
fied. 


The Survivorship of Colony Members 


The iii ao, individuals in colonies of social insects 
is intense. In the army ant Eciton hamatum, the rate of 
loss is about 1,000 workers every day, or somewhat less 
than | percent of the entire force. The attrition rate of 
the household ant Monomorium pharaonis is 2 percent, 
and that of bumblebees (Bombus agrorum and B. humilis) 
is 4 percent per day. A colony of honeybees containing 
60,000 workers in June loses them at the rate of 1,800, 
or 3 percent, every day. During the first 14 days of adult 
life, workers of the hornet Vespa orientalis suffer a mor- 
tality of 8.8 percent if confined to the nest and 42.5 percent 
if allowed to forage outside (Ishay et al., 1967). The mor- 
tality of immature stages is also very high. Anne D. Brian 
(1951, 1952) noted that, in the colonies of Bombus agrorum 
which she observed, 71 percent of the eggs hatched, 73 
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FIGURE 21-1. The causal relationships of principal 
phenomena in the biology of social insects. The phenomena of 
population dynamics which are reviewed in chapter 21 are 
underlined. 


percent of the larvae reached the pupal stage, and 90 
percent of the pupae yielded adults; thus, only 47 percent 
of the eggs survived to the adult stage. M. V. Brian (1951b) 
obtained similar results in laboratory colonies of the ant 
Myrmica ruginodis (= M. “rubra’’): 50 percent of the eggs 
hatched, 74 percent of the larvae reached the pupal stage, 
and 89 percent of the pupae eclosed, resulting in a final 
survivorship, from egg to adult, of 33 percent. _ 

Students of animal demography have found it conven- 
ient to recognize the four basic types of survivorship 
curves represented in Figure 21-2. The few such curves 
that have been worked out in the social insects vary 
markedly among the species in interesting ways that can 
be related to their social organization. In species of 
Bombus, for example, the worker caste lacks temporal 
division of labor. Individuals can take up any task at any 
age, and most begin foraging while still young. Since the 
heaviest mortality in social insects generally occurs among 
foraging workers, it is not surprising to find that the 
Bombus survivorship curve is type III. M. V. Brian (1965b) 
has in fact shown that Anne Brian’s mortality data on B. 
humilis adult workers fits the negative exponential curve 


N, = Noe # 


where N, is the number of newly eclosed workers, N, the 
number surviving after ¢ days, and the mortality constant 
u is approximately 0.04 per day. Honeybee workers, in 
contrast, follow a well-defined program of tasks during 
their adult life (see Chapter 9) and do not normally begin 
foraging until the tenth day or later. Sakagami and 
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Fukuda (1968) found that the survivorship curve of these 
insects is type I. In the protected environs of the nest, 
mortality is very low, but when workers begin leaving the 
hive to go on foraging trips they also start perishing at 
a very high rate (see Figure 21-3). This adherence to the 
type I curve is shared with relatively stable, affluent 
human populations, but it is relatively rare elsewhere in 
the animal kingdom. It is literally true that this demo- 
graphic property originated in honeybees as a result of 
their higher social status. There is another aspect of 
honeybee mortality that has a bearing on the evolutionary 
theory of senescence. Although most flying bees eventually 
die from predation or accidents, individuals protected 
from such misfortunes die of physiological senescence 
anyway. Even under the most favorable conditions, few 


100 


SURVIVORS 


TIME 


FIGURE 21-2. The four elementary types of survivorship 
curves in animal populations. Type I: Mortality is concentrated 
in the old animals, often as a result of physiological senescence. 
Type II: Mortality takes a constant number of animals per unit 
time regardless of the age and size of the population. Type III: 
Mortality takes a constant proportion of the surviving animals. 
Type IV: Mortality is concentrated on the youngest animals 
(redrawn from Slobodkin, 1961; based on Pearl and Miner, 
1935, and Deevey, 1947). 
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FIGURE 21-3. The survivorship curve of honeybee workers 
is of type I, as in advanced human societies. This curve is based 
on bees born in early summer. Those born in the fall and which 
overwinter also conform to the type I curve, but enjoy a much 
longer average life span: (d,) number dying during respective 
age interval out of 1,000 born; (g,) number dying per 1,000 
alive at respective age interval (redrawn from Sakagami and 
Fukuda, 1968). 


workers in a queenright colony in summer conditions can 
live to an adult age of greater than 50 days. Rockstein 
(1950a), for example, found only 11 workers alive from 
an original marked group of 2,700 at the end of an obser- 
vation period of 51 days. Anna Maurizio (1950) found no 
survivors at all after 38 days from an original group of 
over a thousand, even among samples that had been 
protected by caging. Hodge (1894), Helen Pixell-Goodrich 
(1920), and Rockstein (1950b) have reported that as 
worker bees age, their brain cells decline in number and 
become increasingly vacuolated. In brains of bees meas- 
ured by Rockstein, the average number of cells in medial 
transects was 522 in newly emerged individuals; this 
number decreased to 445, 434, and 369, successively, in 
bees 2, 4, and 6 weeks old. These findings are consistent 
with the theory of Medawar (1957), who argued that 
senescence is the result of an evolutionary programming 
of the physiology of individual organisms to postpone 
internal breakdown until past the age that most of the 
population would be killed off by external causes. Devel- 
opmental events are arranged to give the maximum vital- 
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ity to the age groups that have not yet been killed off to 
a significant extent, even if part of the physiological con- 
sequence is an increased rate of physiological breakdown 
(senescence) in older age groups. In other words, as L. B. 
Slobodkin has neatly put it, causes of mortality attract 
each other. In the case of the honeybee, the rapid mortal- 
ity of foraging workers due to accident has seemingly 
“attracted” mortality by senescence, which the honeybee 
queen makes up by a moderately high oviposition 
rate—on the order of a thousand or more eggs a day. 

Existing data are insufficient to permit deeper insight 
into the evolution of colonial survivorship curves. Also, 
we lack information about the derivative property of 
standing age distribution curves among the workers of 
insect colonies. These data are needed to complete the 
analysis of regular temporal polyethism (see Chapter 9). 
The gap could be filled in dramatic fashion if some repro- 
ducible morphological and biochemical criteria of insect 
age were to be discovered. Michener ef al. (1955) have 
used the degree of wear in the wings and mandibles in 
rough demographic estimates of halictid bee populations, 
while Bassindale (1955) has employed changes in abdomi- 
nal coloration to estimate the ages of meliponine bees. 
These and other methods that depend on the behavioral 
and physiological idiosyncrasies of the individual colony 
members can have only limited success. I have made 
several attempts to find measurable, behavior-free aging 
processes in ants, but have never hit upon anything suffi- 
ciently reliable. The problem poses an interesting and 
important challenge to insect physiologists. 

Meanwhile, the best information on aging that can be 
extracted from existing literature, aside from the survi- 
vorship curves just described, are longevity records of 
individual colony members. A large fraction of all of the 
available data are provided in Table 21-1. The following 
key generalizations can be made from these records: 

1. Mother queens live, as expected, much longer than 
workers in all groups of social insects. A few are among 
the longest-lived of all insects—surviving for-as much as 
ten or even fifteen years. 

2. No correlation is yet evident between the degree of 
sociality of a species and the longevity of its members. 
The primitively social halictids and bumblebees, for ex- 
ample, are as long-lived as the highly advanced honey- 
bees. 

3. The visible correlations of longevity are with two 
other factors: members of annual species live for shorter 


TABLE 21-1. 


Longevities of individual social insects.2 


Species Caste Locality 
WASPS 
Polistes fadwigae Worker Japan 
Mischocyttarus Queen Brazil 
drewseni 
Mischocyttarus Worker Brazil 
drewseni 
Vespa vulgaris Worker England 
Vespa orientalis Worker Israel 
ANTS 
Myrmica Worker England 
laevinodis 
(= “rubra”) 
Aphaenogaster Queen United States 
rudis 
Aphaenogaster Worker United States 
rudis 
Lasius alienus Queen France 
Stenamma Queen England 
westwoodi 
Monomorium Queen England 
pharaonis 
Monomorium Worker England 
pharaonis 
BEES 
Dialictus versatus Queen United States 
Dialictus versatus Worker United States 
Evylaeus nigripes Queen France 
Evylaeus Queen France 
marginatus 
Allodape angulata Queens and South Africa 
workers 
Melipona Queen Brazil 
quadrifasciata 


Average 
longevity 
or range 


2% mos. 


66 days 


21 days 


3-4 wks. 
46 days 


8.7 yrs. 


11 mos. 
3 wks. 


12-15 mos. 
(range) 


3-5 yrs. 
(range) 


<1 yr. 


? 


a In Hymenoptera only adult life spans are given. 
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Maximum 
recorded 
longevity 

44-88 days 
2-97 days 
1 

64 days 

2 yrs. 


4.6-13 yrs. 


>3 yrs. 


9.25 yrs. 
17 or 18 yrs. 


39 wks. 


9-10 wks. 


Authority 


Yoshikawa 
(1963c) 


R. L. Jeanne 
(personal 
communication) 

R. L. Jeanne 
(personal 
communication) 


Ritchie (1915) 
Ishay et al. 
(1967) 


Brian (1951b) 


Haskins (1960) 


Fielde (1904b) 


Janet (1904) 


Donisthorpe 
(1936) 


Peacock and 
Baxter (1950) 

Peacock and 
Baxter (1950) 


Michener 
(1969a) 
Michener 
(1969a) 
Plateaux- 
Quénu 
(1965) 
Plateaux- 
Quénu 
(1962) 
Skaife (1953) 


Kerr et al. 
(1962) 


Comments 


Based on 4 
individuals 


Based on 282 
individuals 


Based on 113 
individuals 
(confined to nest) 


Based on 11 queens 
kept in laboratory 
nests 


Based on a single 
queen in a 
laboratory nest 


Based on a single 
queen in a 
laboratory nest 


Annual species 
Annual species 


Annual species 


Perennial species 


Annual species 


One record only 
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TABLE 21-1 (continued). 
Es  , o 
Average Maximum 
longevity recorded 
Species Caste Locality or range longevity Authority Comments 
Trigona Worker Brazil a 94 days Kerr and Many 
xanthotricha Santos Netos 
(1956) 
Bombus humilis Worker England 17.5 days ? A.D. Brian in Based on survival 
M. V. Brian rates of wild bees; 
(1965b) negative exponen- 
tial survival curve 
Apis mellifera Worker Germany 32.1 days 55 days Rösch (1925) 13 
(summer) 
Apis mellifera Worker Italy % 38 days Maurizio Many 
(summer) (1950) 
Apis mellifera Worker England 336+02 40 days Ribbands 47 
(summer) days (1952) 
TERMITES 
Kalotermes Pseudergates France ? 2 yrs. Grassé (1949) 
flavicollis 
Neotermes Pseudergates Java 3-5 yrs. ? Kalshoven 
tectonae (1930) 
Incisitermes Primary queen California ? 10-12 yrs. Harvey (1934) 
minor and male 
Reticulitermes Worker Europe ? >5 yrs. Buchli (1958) 
lucifugus 
Reticulitermes Soldier Europe ? >5 yrs. Buchli (1958) 
lucifugus 
Reticulitermes Replacement Europe y >7 yrs. Buchli (1958) 
lucifugus reproductive 
Coptotermes Workers, Australia 4 about 2 yrs. Gay et al. 
acinaciformis soldiers (1955) 
Coptotermes Workers, Australia ? about 2 yrs. Gay et al. 
lacteus soldiers (1955) 
Cyclotermes sp. Primary queen India y 12 yrs. Beeson (1941) 
and male 
Cubitermes Worker Africa 196-339 about 339 Williams 
ugandensis days days (1959b) 
Macrotermes Queen Africa ? 10 yrs. F. A. Fenton 
subhyalinus (in Snyder, 
1956) 


terms than those of perennial species, a hardly surprising 
result but one which does not necessarily proceed a priori 
(witness the very short lives of honeybee workers, who live 
in potentially immortal colonies); also, there is a connec- 
tion with phylogeny, in that wasps and bees appear to 
have shorter lives than ants and termites, but for reasons 
yet to be fathomed. 


The Regulation of Colony Growth 


There is some cause to believe, from both theoretical 
considerations and fragmentary empirical evidence, that 
the increase in the numbers of members of individual 
insect colonies conforms at least approximately to the 
same laws that govern the growth of nonsocial animal 
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populations. Actual measurements show that the colony 
increases exponentially in its initial growth phase, but that 
as it approaches “maturity,” meaning the stage in which 
virgin queens are produced, its growth rate tapers off, 
bringing the colony population in the end to an asymptotic 
limit or else setting it into.decline. Before examining the 
evidence in detail, let us review the elementary theoretical 
background that can give it meaning. For an “ideal” 
animal population, in which constant space and resources 
are available and the age distribution is in a steady state, 
the increase in individuals can be approximately described 
by the logistic equation, 


aN _ (N) 
dt K 


the number of individuals in the population 
at any given point in time; 

the “carrying capacity of the environment,” 
or the maximum number of individuals that 
can be supported by that portion of the envi- 
ronment in which the population is con- 
tained; 

the “intrinsic rate of population increase,” 
equal to the instantaneous birth rate minus 
the instantaneous death rate. 


where N= 


IX = 


The solution to this equation yields a sigmoid curve of 
increasing numbers (N) with the passage of time, and a 
point of inflection (at which dN/dt reaches its maximum) 
at K/2. Although adherence to the elementary logistic or 
some simple modification thereof has not been rigorously 
demonstrated in the growth of social insect colonies, the 
growth curves are frequently sigmoid in shape. The best- 
analyzed example, from Nolan’s data on honeybees, is 
given in Figure 21-4. Another, well-known example is the 
increase in the number of nest craters in a colony of Atta 
sexdens measured by Autuori and analyzed by Bitancourt. 
Each crater is a ring of excavated earth around a nest 
entrance, and the number of nest entrances was assumed 
by Bitancourt, perhaps reasonably, to be a linear function 
of the number of workers in the colony. Growth data from 
colonies of Neotermes tectonae and Lasius alienus collected 
respectively by L. G. E. Kalshoven and Charles Janet have 
also been fitted to logistic curves by Bodenheimer (1937). 
Both Bodenheimer and Brian calculated intrinsic rates of 
increase (r) from these and similar, but more fragmented, 
data on other social insect groups. Brian (1965b) summa- 
rizes the findings as follows: the ant Myrmica has the 
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FIGURE 21-4. Population growth of a colony of the Cyprian 
race of the honeybee. All life stages are included except the 
initial population of a single mother queen and about 5,000 
overwintered workers (redrawn from Sakagami and Fukuda, 
1968; based on data from Nolan, 1928, with more recent 
corrections for estimated mortality). 


lowest colony growth rate, withr = 0.001 /individual/day; 
the bee Halictus and termite Neotermes are next with 
0.003; Apis (0.03), Bombus (0.03), and Vespula (0.05) are 
considerably higher; while the polybiine wasps, at 0.1, 
have a much higher value than all the rest. These num- 
bers, although scattered and very few, seem to suggest that 
the major groups of social insects differ from each other 
in the basic property of colony growth rate, with ants and 
termites being low, bees intermediate, and wasps high. 

The importance of a fit to the logistic curve, aside from 
providing a first crude picture of the full course of popu- 
lation growth, lies in its implication of density-dependent 
negative feedback in the later stages of colony growth. The 


. identification and measurement of the factors comprising 


the feedback should become one of the principal targets 


| of population studies in the social insects, as it already 


is in the analysis of other animal species. Only when this 
information becomes available will more exact models of 
colony population growth be possible. In the meantime, 
the first of the density-dependent negative factors to re- 
ceive close attention in theoretical studies has been the 


‚ emission of the reproductive forms. The generating idea 
_ is very simple: the more workers there are, the larger the 


| proportion of individuals who turn into males and virgin 
| queens. And since these reproductive individuals are both 
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expensive to make and counterproductive purely in terms 
of calories, their manufacture puts a drag on the further 
production of both workers and other reproductives. The 
process will inevitably reduce the population growth rate 
to zero. By constructing models that make reasonable and, 
for the most part, readily verifiable assumptions, it has 
been possible to arrive at some unexpected and interesting 
results concerning the regulation of growth rate and final 
colony size. Richards and Richards (1951), for example, 
employed a simple iterative algebraic model to simulate 
growth in colonies of social wasps. The following parame- 
ters were recognized: 


d = developmental time in days, egg to adult; 
N = number of individuals in the colony, all castes; 
P = number of founder workers; 
r = average number of brood cells added to colony 
each day per worker; 
s = average length of worker life in days; 
t = time elapsed in days since founding of the colony. 


A fraction 1/s of the worker force dies off each day. It 
follows that during the development of the first brood, 
meaning up to time d, the number of individuals in the 
colony on any given day will be 


om) eae) 


where the first term is the number of the original workers 
remaining after ¢ days, and the second term is the cumu- 
lative number of cells the wasps have built during ¢ days. 
Each cell is assumed to contain one immature individual, 
so that the second term represents the number of the 
immature individuals, and the first term represents all of 
the surviving adults. Beyond d, the time at which the first 
brood begins to eclose into adults (which themselves begin 
to add brood cells), the model building becomes a com- 
plicated and laborious numerical exercise. Richards and 
Richards have nevertheless carried it through to show the 
following results for all values of real parameters known 
to them. First, the colony will grow exponentially. Second, 
and less obviously, the ratio of larvae to workers will start 
relatively high, a condition that tends to cause the larvae 
to be fed less and to deyelop into other workers. But after 
the beginning of the emergence of the first brood, the ratio 
will drop sharply and remain low thereafter, a balance 
conducive to the production of queens. Finally, the pro- 
duction of queens will slow the growth of the colony and 
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may stop it altogether or even reverse it. An example BE 
the first stage of colony growth, according to the Richards” 
model, is given in the accompanying table. A similar 
model, with mostly comparable results also applicable to 
social wasps, has been presented by Lovgren (1958). 

M. V. Brian (1957a, 1965b) also developed more general 
models with the rate and timing of the emission of the 
reproductive forms taken as the principal population 
limiting factor. His most important result is the discovery 
that small changes in this single factor can produce radical 
variation in entire patterns of colony growth. In the fol- 
lowing account I have changed the notation and method 
of presentation considerably to make the ideas clearer to 
the general reader. Brian’s parameters are the following: 


a,b,c = fitted constants; 
À = birth rate of the worker population; 


u = death rate of the worker population; 
N,, = number of workers in the colony; 


N, = number of immature individuals (eggs, larvae, 
pupae) giving rise to workers later; 

N, = number of immature individuals (eggs, larvae, 
pupae) giving rise to virgin queens in the next 
generation. 

s = a constant with value < 1. 


The rate of increase of the workers in a colony should 
be equal to some function of the number of workers 
present minus two quantities: the death rate of the 
workers and some function of the number of queens being 
simultaneously produced. In symbols, 


. w 
dt wa e 
w 


The unimpeded population birth rate is given as AN, S, 
with s < 1, since empirical studies on ants of the genus 
Myrmica (by Brian, 1953b) have shown that larval growth 
increases logarithmically with the number of nurse 
workers. The rate of production of queens is given by 
Brian in the above equation as a function of the ratio of 
workers to new worker larvae being born, an assumption 
also in at least rough accordance with the known facts 
about Myrmica. If for simplicity we take s to equal 0.5, 
the growth equation integrates to 


[1 ER e-ut/2]2 
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TABLE 21-2. Growth of a hypothetical wasp colony (according to the model of Richards and Richards, 1951). Original 
worker number is 88; developmental time, 30 days (egg stage 6 days, larval and pupal stages 12 days each); rate of cell 
addition, 0.5 cell per worker per day; and average worker longevity, 45 days. 


Number 1 2 15 16 20 

Cells 44 87 555 584 690 

Larvae 0 0 360 395 438 

Workers 88 86 60 58 50 

Ratio of larvae 0 0 6.0 6.8 8.8 
to workers 


which rises sigmoidally toward the limit [(A — 1/cA)/p}? 
as £ becomes large. 
It should also be approximately true that 


dN, 
dt 2 


in other words, that queen larvae, which receive special 
attention and are present in smaller numbers, should 
increase as a linear function of the number of workers. 
Further, the rate of increase of worker larvae should be 
some monotonic function, perhaps logarithmic, of the 
number of workers present, minus approximately the rate 
of increase of the queen larvae. In symbols, 


aN; _ at 
dt be dt 
= aN, = bN, 


_ By varying the value of b slightly, very different solutions 
are obtained (Figure 21-5). It remains to be seen whether 
Brian’s formulations contain a sufficient set of parameters 
to be predictive. His model does have the virtue of being 
the first to provide simulations of strongly differing life 
cycles which do, in fact, occur in nature. For example, the 
“explosive” form of queen emission is exemplified by the 
annual life cycles of temperate polistine and vespine wasps 
(Figure 21-6), as well as those of many species of halictid 
bees and bumblebees. Periodically oscillating steady states 
occur in honeybees, stingless bees, army ants, and other 
groups that multiply by colony fission. In these cases the 
oscillation is intensified by the departure of workers with 
one or more members of the newly increased queen force. 
Most ant species with seasonal nuptial flights conducted 


Day 
25 30 31 32 45 60 90 
800 885 921 977 3350 8972 74787 
378 318 306 294 1060 3880 35554 
40 30 72 113 * 2855 885 9302 
9.4 10.6 4.2 2.6 19 4.4 3.8 


en masse are mildly oscillatory. Others that release their 
sexual forms gradually and at a low rate, or not at all, 
might approach the condition of a nonoscillating steady 
state. We are mostly ignorant concerning the extent to 
which the cycles are controlled by endogenous versus 
exogenous factors. It is probable that the basic parameters 
ofthe Richards and Brian models are subject to significant 
alteration by environmental change. In the warm parts 
of New Zealand, for example, colonies of introduced 
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FIGURE 21-5. Growth of populations of social insects with 
all parameters held constant except b, the coefficient of 
production of queens. As b is decreased from 2 to 0.5, the 
growth curve changes from the “explosive” form, which 
terminates in the death of the colony following emission of the 
virgin queens, through an oscillatory steady state, to a gradual 
approach to a steady state (modified from Brian, 1965b). 
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FIGURE 21-6. The explosive form of colony life cycle is exemplified by the hornet Vespa orientalis, in which 
worker production is sacrificed for massive production of queens and males at the end of the summer. As 
shown in this record of the history of a single colony, the final result is a rapid and terminal decline of the 
colony as a whole (redrawn from Ishay, Bytinski-Salz, and Shulov, 1967). 


species of Bombus, Polistes, and Vespula are frequently 
able to overwinter and, by continuing to grow on into a 
second or even third summer, attain much larger sizes 
than the annual colonies of the same species in the country 
of their origin (Cumber, 1949c, 1951). In other words, the 
explosive phase of the colony cycle is postponed or elimi- 
nated. 

Table 21-3 gives most of the available data on colony 
size in various species of social insects. These raw numbers 
tell us nothing directly about the growth rates or factors 
limiting mature colony size, but they do permit some 
inferences when comparisons are made among major 
groups. Such conclusions lead easily to more fundamental 
physiological questions to be taken up shortly: 

1. There exists only a weak correlation between average 
colony longevity (see also Table 21-4) and mature colony 


Isize. Within the social wasps, for example, the annual 
colonies of the temperate Vespa and Vespula species are 
fully as large as those of the perennial Polybiini. Within 
the Polybiini, on the other hand, the very short-lived 
colonies of Mischocyttarus and Polistes also have the 
smallest colony size. By the same token it is only the 
perennial species of social bees, in the genera Apis, 
Melipona, and Trigona particularly, that mount colonies 
_with tens of thousands of workers. 

| 2. There is no clear relation between climate and colony 

size. In the ants, if anything, temperate species tend to 
have somewhat larger colonies on the avérage. This is due 
to a special ecological effect connected with restrictions 
in nest site, which follows. 

| 3. There is a strong correlation between preferred nest 


site and mature colony size. The social wasps, which 


| 


TABLE 21-3. Number of adults in colonies of social insects. 
A 


Species 
WASPS 


Polistinae 
Protopolybia minutissima 


P. pumila 
Brachygastra scutellaris 
B. mellifica 
Metapolybia cingulata 
Polybia atra 

P. micans 

P. rejecta 

P. occidentalis 

P. parvula 

P. bistriata 

P. bicyttarella 

P. catillifex 


Pseudochartergus fuscatus 
Apoica thoracica 


À. albomacula 
Stelopolybia pallens 


Stelopolybia testacea 


Ropalidia spp. 
Mischocyttarus drewseni 
(incipient colonies 

omitted) 
Polistes carnifex 


P. canadensis 

P. crinitus 
Vespinae 

Vespa crabro 


Vespula cuneata 
Vespula diabolica 


Locality 


: South America 


South America 
South America 
Texas to Central 
America 
South America 
South America 
South America 
South America 
South America 
South America 
South America 
South America 


South America 


South America 
South America 


South America 
South America 


South America 


Africa 

South America 
South America 
South America 


West Indies 


Germany 


North Carolina 
United States 


Number 
of adults 


51, 99, 100, 693 
7,237 

863 and 876 
10,000 and 15,000 
37, 54, 57, 106 
1528 

207 

2780 

130 and 227 
148 and 868 
73a 

812 

6, 17, 24, 41 


210 
236 


58 


~ 1002 


599 
115 


a Average number; other data pertain to individual colonies. 
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Number of 
adults (range) 


25-390 


to 500 or 600 
237 


6-24 


to 400 


Authority 


Richards and Richards 
(1951) 

Richards and Richards 
(1951) 

Richards and Richards 
(1951) 

Schwarz (1929), 
Naumann (1968) 

Schwarz (1929), 
Naumann (1968) 

A. Hase (in 
Bodenheimer, 1937) 

Richards and Richards 
(1951) 

Richards and Richards 
(1951) 

Richards and Richards 
(1951) 

Richards and Richards 
(1951) 

Richards and Richards 
(1951) 

Richards and Richards 
(1951) 

Richards and Richards 
(1951) 

R. L. Jeanne (1970c) 

Richards and Richards 
(1951) 

Richards and Richards 
(1951) 

Richards and Richards 
(1951) 

R. L. Jeanne 
(1970c) 


Carl (1934) 

R. L. Jeanne 
(personal 
communication) 

Richards and Richards 
(1951) 

Richards and Richards 
(1951) = 

Richards and Richards 
(1951) 


Kemper and 
Döhring (1961) 

Manee (1915) 

Duncan (1924) 


Number of 
colonies 
censused 


TABLE 21-3 (continued ). 
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` Number of 
Number Number of colonies 
Species Locality of adults adults (range) Authority censused 
Vespula germanica New England 146, 2.090 à Baerg (1921) 2 
Fespula germanica New England 648 4 Wyman (1860) l 
Fespula germanica Germany 1.348 E Pechlaner (1904) l 
Fespula maculata United States 105 a Betz (1932) \ 
Vespula maculata United States 494 = Rau (1929) l 
Fespula sylvestris Germany 95 to 180 Kemper and Several 
l Dohring (1961) 
Fespula vulgaris England 5.207 3 . Crawshay (1905) l 
Fespula vulgaris England 1297 4 Ritehie (1915) l 
Fespula vulgaris Germany ~ 1.000 to 2.847 Kemper and Several 
Döhring (1961) 
Sphecidae 
Microstigmus comes Central America ? 1-18 Matthews (19685) Many 
ANTS 
Ponerinae 
Amblvopone pallipes Quebec 128 4-35 Francoeur (1965) & 
Prionopelta opaca New Guinea 20 4 Wilson (1959d) l 
Platythyrea parallela New Guinea 50 E Wilson (1959d) l 
Rhytidoponera araneoides New Guinea ~ 508 y Wilson (1959d) à 
R. laciniosa New Guinea 100, 150 ed Wilson (19594) è 
Gnampiogenys macretes New Guinea 40 4 Wilson (1959d) | 
Lepiogenvs bituberculata New Guinea 300 ? Wilson (19594) l 
L. diminuta New Guinea 90-400 2 Wilson (19599) 4 
L. purpurea New Guinea 500, 2.000 2 Wilson (19594) 2 
Mesoponera papuana New Guinea 10 ? Wilson (1959d) | 
Diacamma rugosum New Guinea 30. 50 R Wilson (1959d) 2 
Cryptopone morschulskyi | New Guinea 20 3 Wilson (19598) l 
Ecromomyrmex striatulus New Guinea 10, 20 ? Wilson (1959d) è 
Myopias sp. | New Guinea 60 4 Wilson (19598) ] 
M. sp. 2 New Guinea 40, 70 ? Wilson (1959d) 2 
M. sp. 3 New Guinea 30 a Wilson (1959d) l 
Cerapachyinae 
Cerapachys opaca New Guinea 100 Š Wilson (1959d) l 
C. polynikes New Guinea 20 “ Wilson (19594) l 
Dorylinae 
Eciton burchelli Central America a 150.000-700.000 See Chapter 4 
E. hamatum Central America ? 100.000- 500.000 See Chapter 4 
Neivamyrmex nigrescens United States à 80.000- 140.000 See Chapter 4 
Aenictus currax New Guinea > 100,000 5 Wilson (19594) l 
A. laeviceps Philippine Islands ? 60,000-1 10.000 See Chapter 4 
Anomma wilverthi Africa 5 2x 10%22x 10° See Chapter 4 
Myrmicinae 
Myrmica ruginodis Scotland 1.2168 303-2,855 Brian (1950) 1è 
Myrmica schencki United States 2 35-561 Talbot (1945a) 36 
emervana 
Pogonomyrmex badius United States — 5,000 R Golley and Gentry Many 
(1964) 
P. barbatus United States 1338 5 Wildermuth and Davis l 
(1931) 
Aphaenogaster rudis Michigan, 326% 262.079 Talbot (1951) = 


TABLE 21-3 (continued ). 
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Number of 
‘ Number Number of colonies 
Species Locality of adults adults (range) Authority censused 
A. rudis Ohio, 2804 11-950 Headley (1949) 46 
United States 
A. treatae United States 6824 65-1,662 Talbot (1954) 30 
A. dromedarius New Guinea 100 ? Wilson (1959d) ] 
Stenamma diecki Quebec 414 5-103 Francoeur (1965) À 
Leptothorax - United States 842 8-368 Headley (1943) 38 
curvispinosus 
L. longispinosus United States 47a 2-142 Headley (1943) 97 
Ancyridris sp. New Guinea TOMS A Wilson (1959d) 2 
Pristomyrmex sp. New Guinea 100 ? Wilson (1959d) l 
Adelomyrmex biroi New Guinea 10 ? Wilson (19594) l 
Acidomyrmex melleus New Guinea >5,000 ? Wilson (1959d) 2 
Vollenhovia brachycera New Guinea 150 7 Wilson (1959d) N 
Myrmecina transversa New Guinea 100 ? Wilson (1959d) 1 
Tetramorium caespitum England (1963) 14,0682 2,603-29,571 Brian et al. (1967) 23 
T. caespitum England (1964) 7,8812 1,395-30,943 Brian et al. (1967) 26 
Meranoplus spinosus New Guinea 150 ? Wilson (1959d) l 
Cardiocondyla thoracica New Guinea 70 ? Wilson (1959d) l 
C. paradoxa New Guinea 50 ? Wilson (1959d) i 
Crematogaster elegans New Guinea 300 ? Wilson (1959d) l 
C. subtilis New Guinea >5,000 ? Wilson (1959d) l 
C. dohrni artifex India 56,947 2 Ayyar (1937) 1 
C. dohrni rogenhoferi India 5,690 ? Roonwal (1954) l 
Strumigenys bajarii New Guinea 400 2 Wilson (1959d) l 
S. frivaldszkyi New Guinea 15 ? Wilson (19594) l 
S. mayri New Guinea 100 ? Wilson (1959d) 1 
S. loriai New Guinea 300, 500 ? Wilson (1959d) 2 
Rhopalothrix biroi New Guinea 50 2 Wilson (1959d) 1 
Dacetinops cibdela New Guinea 10 ? Wilson (1959d) 1 
Pheidole sp. New Guinea 150 ? Wilson (1959d) l 
Pheidologeton sp. New Guinea >3,000 y Wilson (1959d) l 
Sericomyrmex amabilis Central America fi to 300 Wheeler (1925) Many 
S. urichi Central and Y 200-1,691 Weber (1967) Many 
South America 
Atta colombica Central America Between 106 and ? M. Martin (personal 1 
25 <elO? communication) 
Myrmeciinae 
Myrmecia gulosa Australia 188, 1,586 ? ROE and Haskins 2 
(1950a) 
M. pilosula Australia 553, 862 Y Haskins and Haskins 2 
(1950a) 
M. vindex Australia 109, 272 ? Haskins and Haskins 2 
(1950a) 
Dolichoderinae 
Leptomyrmex fragilis New Guinea 350 ? Wilson (1959d) 1 
Jridomyrmex scrutator New Guinea ? 500->3,000 Wilson (1959d) 1 
Formicinae 
Pseudolasius breviceps New Guinea 200, 500 ? Wilson (1959d) 2 
Acropyga sp. New Guinea >1,000 2 Wilson (1959d) 1 
Paratrechina pallida New Guinea 500 4 Wilson (1959d) l 
FAGD. | New Guinea 200 4 Wilson (1959d) 1 


TABLE 21-3 (continued ). 


Number of 
Number Number of colonies 
Species Locality of adults adults (range) Authority censused 
P. sp. 2 New Guinea 150 2 Wilson (1959d) 1 
Prenolepis imparis United States 1,5822 48-2,208 Talbot (1943) 11 
Formica exsectoides United States 41,366 and ? Cory and 2 
238,510 Haviland (1938) 
F. pallidefulva United States 2,3522 541-7,050 Talbot (1948) 24 
nitidiventris 
F. “incerta” United States 714a 107-1,668 Talbot (1948) 24 
F. rufa Europe ? to œ 100,000 Brian (1965b) Many 
Camponotus papua New Guinea 300 ? Wilson (1959d) l 
C. confusus New Guinea 200 ? Wilson (1959d) l 
C. vitreus New Guinea >4,000 ? Wilson (1959d) 1 
C. pennsylvanicus United States P 1,943-2,500 Pricer (1908) Many 
Calomyrmex laevissimus New Guinea 250 i Wilson (1959d) l 
Polyrhachis hirsutula New Guinea 150 ? Wilson (1959d) 1 
P. limbata New Guinea 100 ? Wilson (1959d) 1 
P. debilis New Guinea ~325a 300-350 Wilson (1959d) 3 
P. rufiventris New Guinea 200 ? Wilson (1959d) 1 
P. omymyrmex New Guinea 60 ? Wilson (1959d) l 
BEES 
Halictidae 
Halictus scabiosae Switzerland 3a 1-6 Batra (1966b) y 
Dialictus versatus United States ? 5-105 Michener (1966b) 29 
Dialictus zephyrus United States ? to 45 Batra (1966a) Many 
Evylaeus marginatus France ? 200-400 Plateaux-Quénu (1962) Many 
Pseudaugochloropsis Central America 5a 2-7 Michener and 
costaricensis Kerfoot (1967) 
P. nigerrima Central America 3a 2-6 Michener and 4 
Kerfoot (1967) 
Anthophoridae 
Exoneura variabilis Australia ? 1-6 Michener (1965b) Many 
Apidae 
Bombus spp. England ? 100-400 Free and Butler (1959) Many 
(according to 
species) 
Bombus medius Mexico 2,183 Michener and 1 
LaBerge (1954) 
Melipona spp. South America 2 500-4,000 Nogueira-Neto (1951) Many 
(according to 
species) 
Trigona spp. South America x 300-80,000 Nogueira-Neto (1951) Many 
(according to 
species) 
Trigona spp. South America X to 100,000 Michener (1969a) Many 
Apis mellifera Holland 22,519 2 Swammerdam 
(1737-38) 
Apis mellifera World-wide ? 20,000-80,000 Ribbands (1953) Many 
TERMITES? 
Mastotermitidae 
Mastotermes darwiniensis Australia ? Several thousands Hill (1942) ? 


to >1 million 


b Nymphs included in population counts of termite colonies. 
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TABLE 21-3 (continued). 


Number 

Species Locality of adults 
Kalotermitidae 

Cryptotermes brevis United States —3002 

C. havilandi United States ? 

Incisitermes minor California ? 

I. minor Arizona 9,200 

Marginitermes hubbardi United States is 

Paraneotermes United States ? 

simplicicornis 

Pterotermes occidentis United States 760 and 2,911 
Hodotermitidae 

Zootermopsis angusticollis : United States ? 

Z. laticeps United States 2,367 
Rhinotermitidae 

Coptotermes Australia 7 

acinaciformis 

C. frenchi Australia X 

C. lacteus Australia % 
Termitidae 

Amitermes hastatus South Africa ? 

Apicotermes desneuxi West Africa 11,638 

Macrotermes bellicosus West Africa —2,000,0002 

Macrotermes spp. West Africa ? 

Microcerotermes arboreus West Africa 5,876 

Nasutitermes exitiosus Australia k 

N. surinamensis South America —3,000,000 

N. sp. Jamaica 631,878 

Odontotermes obesus India 90,961 

Trinervitermes geminatus West Africa 2 


Number of 
Number of colonies 
adults (range) Authority censused 
X McMahan (1966) x 
>3,000 Wilkinson (1962) ? 
1,000-2,750 Harvey (1934) Many 
? Nutting (1969) l 
to 2,267 Nutting (1969) ? 
to 1,394 Nutting (1966a) ? 
? Nutting (1966b) 2 
to 8,000 Castle (1934) Many 
u Nutting (1969) 1 
> 12887106 Greaves (1964) Many 
>15 XO Greaves (1964) Many 
6 x 105-1.1 x 106 Gay and Greaves l 
(1940) 
to 50,000 Skaife (1955) Many 
to 78,200 Bouillon (1964) 36 
? Lüscher (1955) Many 
to “several Grassé (1949) Many 
millions” 
4 Emerson (1938) 1 
4.84 X 105- Holdaway et al. 4 
8.07 x 105 (1935) 
X Emerson (1938) % 
2 Andrews (1911) 1 
7 Gupta (1953) 1 
19,000-52,000 Sands (1965) Many 


construct their own nests of carton and in most cases 
suspend them from arboreal supports, generally have 
smaller mature colonies than the soil-dwelling ants and 
termites. Among these insects it is the exceptional 
ground-nesting species belonging to the genus Vespula 
that form the largest colonies. Among the rain forest ants 
of New Guinea, those that nest in rotting logs and other 
pieces of rotting wood on the ground (almost all Ponerinae 
and Cerapachyinae and the majority of Myrmicinae) form 
smaller colonies than those living in less restricted nest 
sites, such as the open soil of the forest floor (Acido- 
myrmex, Pheidologeton, Leptomyrmex, Pseudolasius, 
Acropyga, most Paratrechina), open air at the ground 
surface (Dorylinae), and various sectors of the tree canopy 
(most Crematogaster, Iridomyrmex, Camponotus, and 


as ya Lf) fr: 


Polyrhachis). A similar relation exists within the termites. 
It is the soil-dwelling species of Mastotermes, Coptotermes, 
and Termitinae (particularly Macrotermes) that develop 
truly enormous colonies. The bees offer a curious excep- 
tion. The soil-dwelling halictines form much smaller colo- 
nies than the Meliponini and Apis, most of which build 
their own nests in trees, but, as we have seen, most ha- 
lictines also form short-lived annual colonies. 

4. There is only a weak correlation with other evolu- 
tionary trends manifested within the same major phyletic 
groups. Mastotermes darwiniensis, the most primitive living 
termite species, forms huge colonies comparable to those 
of the advanced fungus-growing macrotermitines. The 
species of Myrmecia, one of the most primitive ant genera, 
have larger colonies than do most members of the ad- 
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TABLE 21-4. Longevities of established colonies of social insects. 


Species 


WASPS 
Polistes spp. 
Mischocyttarus spp. 


Vespula spp. 


ANTS 
Formica pratensis 


F. rufa 


F. ulkei 


BEES 


Halictus spp. and 
Lasioglossum spp. 


Evylaeus marginatus 


TERMITES 
Neotermes tectonae 


Neotermes castaneus 


Cyclotermes sp. 


Amitermes hastatus 


Cubitermes fungifaber 


Nasutitermes triodiae 
Macrotermes spp. 


Location 


North Temperate Zone 
Brazil 


North Temperate Zone 


Switzerland 


England 


United States 


North Temperate Zone 


France 


Java 


United States 


India 


South Africa 
West Africa 


Australia 
Africa 


Longevity 


Average 


<6 mos. 
6 mos. 


<6 mos. 


<6 mos. 


Maximum 


6 mos. 
7.5 mos. 


6 mos. 


>56 yrs. 


>60 yrs. 


>25 yrs. 


6 mos. 


6 yrs. 


15 yrs. 


>24 yrs. 


12 yrs. 


25 yrs. 
>5 yrs. 


>63 yrs. 
>80 yrs. 


Authority 


See Chapter 3 

R. L. Jeanne (personal 
communication) 

See Chapter 3 


Forel (1928) 


C. Darwin (1859) 


Dreyer (1942) 


(See Chapter 5) 


Plateaux-Quénu 
(1962) 


Kalshoven (1930) 


Emerson (1939) 


C. F. C. Beeson (in 
Snyder, 1956) 


Skaife (1955) 
Noirot (1969b) 


Hill (1942) 
Grassé (1949) 


Comments 


Annual life cycle 
No seasonal synchrony 


Annual life cycle 


Replacement reproductives 
make the colony 
potentially immortal 

Replacement reproductives 
make the colony 
potentially immortal 

Replacement reproductives 
make the colony 
potentially immortal 


Annual life cycle 


Perennial life cycle 


Longevity potentially 
greater when 
supplementary 
reproductives arise 

Based on one laboratory 
colony; colonies may 
produce supplementaries 

Royal pair are not replaced 
by supplementaries, and 
colony dies with them 


Colonies live only “5 years 
after the egress of the 
nest from the soil” 


vanced subfamilies. One interesting rule does stand out, 
nonetheless: the most elaborate forms of social behavior 
occur in species with large, perennial colonies. These 
include the waggle dance of Apis, the fungus gardening 
of the Attini and Macrotermitinae, and the legionary 


behavior of the Dorylinae and certain genera of 
Ponerinae. 

5. The great variation in colony size among species 
belonging to the same taxonomic group (see, for example, 
the data for polybiine wasps and myrmicine ants) attests 
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to the capacity of this population trait to evolve with 
relative speed. We have seen that small alterations in such 
physiological parameters as mean worker life span and 
thresholds in queen determination of larvae can bring 
about major differences in mature colony size. Given this 


potency to adapt colony size to local environmental con- | 
ditions at the species level, we should feel encouraged to | 
investigate which of the conditions are critical in evolu- | 


tion. 

In undertaking evolutionary interpretation, it is neces- 
sary to stress the distinction between proximate and ulti- 
mate causation. In the case of the polybiine wasps, O. W. 
and Maud J. Richards attempted to explain the curtail- 
ment of population growth as the result of worker turn- 
over and emission of sexual forms. Theirs was an explana- 
tion of proximate causation. They also suggested that the 
parameters of worker turnover and emission of sexual 
forms are set in the course of evolution in such a way as 
to maximize colony fitness. This is an explanation of 
ultimate causation. The Richardses went on to suggest that 
the optimal size of wasp colonies is the balance struck to 
accommodate two kinds of predation: on the one hand, 
if the colonies are made small they lose less “capital” in 
the form of immature stages when they are raided by army 
ants; if, on the other hand, they are too small they are 
more vulnerable to vertebrates, which (unlike army ants) 
can be intimidated by the adult wasps. Consequently, the 
optimal colony size could be determined, all other factors 
being equal, by the balance determined between the fre- 
quency and severity of attacks by army ants and the 
frequency and severity of attacks by vertebrates. It needs 
to be added that small colony size is probably only a 
concomitant of the main feature that confers the real 
selective advantage, namely short colony developmental 
time. The crucial feature is the capacity to produce and 
disperse females in a short enough time to make an attack 
by army ants on any given colony improbable. This will 
have the result of reducing the average colony size. The 
“capital,” that is, immature stages, produced per worker 
per unit of time is actually larger in small colonies and 
therefore cannot be the principal factor as envisaged by 
the Richardses. 

At least two kinds of ultimate factors besides predation 
have been inferred in other population studies. I have 
cited already the restricting nature of the rotting-wood 
nest sites in the ant species of New Guinea rain forests. 
They are the most favored class of nest sites in the rain 
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forest faunas of the tropical Oriental and Australian re- 
gions, and, apparently as a consequence, a very large 
percent of the ant species have small mature colony sizes. 
O. W. Richards (1927b) found that among the subarctic 
European species of Bombus, the “mature” colony size is 
relatively small. That is, fewer workers are produced in 
each colony prior to the onset of queen production. The 
implication is that, in the brief summers available to the 
bees, it is necessary to reduce mature colony size in order 
to hasten colony development and to produce a suffi- 
ciently large crop of queens. Whatever advantages accrue 
to larger colony size are overridden by this single over- 
whelming stress factor. 

Up to this point we have been examining the negative 
factors of colony growth, whose proximate manifestation 
is the mortality of colony members and the emission of 
reproductive forms. Let us now consider the input side 
of the ledger, namely the oviposition rate of the queens 
and laying workers. In the differential equations of colony 
growth the rate of colony growth was written as AN, where 
À is the birth coefficient and N is the total number of adult 
workers in the colony. In nonsocial animal populations 
AN means simply that the rate of increase is equal to the 
number of breeding individuals times the average birth 
rate per individual. In a colony of social insects, however, 
few if any of the workers breed. Is it therefore valid to 
regard the colony birth rate as a linear function of the 
number of workers? The answer depends on which life 
stage and which type of social insect are considered. If 
we mean increase of adult individuals in the colony, and 
if the oviposition rate of the queen finds no limit within 
the range of N measured, AN should give a close approxi- 
mation because the rate at which new adults are created 
will be expected to increase linearly as the number of 
workers available to care for the brood increases. But if 
it is the increase in egg production that matters, new 
measures are required. The number of eggs being laid 
cannot be expected to be a simple multiple of the number 
of workers present, even if the queens have an effectively 
unlimited capacity to increase egg production. In fact 
Brian (1957a) showed that in Myrmica ruginodis the ovi- 
position rate of a queen increases slightly with an increase 
in the worker force. To be exact, the number of eggs laid 
in three weeks at 20°C was 37.5 + 0.249 N, where N, 
was the number of workers. This result was confirmed, 
at least qualitatively, in the experiments of Mamsch 
(1967). Subsequently Brian found that in the related spe- 
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cies M. rubra the queen reaches the limit of her egg-laying 
capacity when accompanied by 40 workers. Between 72 
and 84 percent of colonies in nature have more than this 
number of workers per queen. The workers are therefore 
underemployed and more prone to devote their energies 
to the rearing of new queens from the available larvae. 

In social insects generally the potential oviposition rate 
of the individual queen has tended to be raised by one 
or the other of four evolutionary changes: an increase in 
the number of ovarioles, a lengthening of the ovarioles, 
an increase in the egg maturation rate, and a reduction 
in the size of the egg (Hagan, 1954; Iwata and Sakagami, 
1966). These trends are correlated with the mature size 
of the colony. For example, queens of Halictidae have the 
basic aculeate hymenopteran character of three ovarioles 
per ovary, while Apis mellifera queens have an average 
of 160 per ovary. In the Meliponini, which like Apis pro- 
duce large colonies, there are only four ovarioles per 
ovary, but each ovariole is very long, coiled through the 
abdomen, and packed with eggs. In the ants the number 
of ovarioles is closely correlated with colony size. This 
relation is exemplified by the following series arranged 
in order of ascending colony size, with the number of 
ovarioles given in parentheses: Leptothorax congruus (3), 
Aphaenogaster famellica (10-11), Camponotus obscuripes 
(30-34), Crematogaster laboriosa (18-25), Lasius niger 
(61-70), Eciton burchelli (1,200-1,300). 

The evolutionary increase in oviposition capacity has 

nevertheless not been adequate to free the social wasps 
from this particular constraint. In the short-cycle polybiine 
wasps, where data were pooled from 33 colonies belonging 
to several species, Richards and Richards (1951) found 
that the rate of cell construction depends on the capacity 
of the queens to lay eggs, rather than the reverse. If the 
developmental time is accepted as 21 days, the number 
of cells constructed per worker per day is 0.3986 + 
0.0119 g, where g is the number of egg-laying queens in 
the nest. According to Spradbery (1965), the nest queens 
of Vespula, of which there is only one to a colony, reach 
the limit of their oviposition capacity at the peak of colony 
growth late in the summer, and their eggs are often sup- 
plemented by worker-laid eggs afterwards. 

It is of the greatest advantage for newly founded colo- 
nies to build up their worker strength quickly. In all social 
insects the highest mortality occurs in the founding stages 
and is due chiefly to the inability of young colonies to 
withstand predation. In Neotermes tectonae, to take one 
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of the better-documented examples, colonies are very 
likely to be destroyed by ants until they acquire 50 to 75 
members (Kalshoven, 1930). It follows that, in the engi- 
neering of the early stages of colony development, a pre- 
mium must be set on rapid increase. The incipient colony 
is analogous to a pioneer population of solitary organisms. 
In both cases the need is to build numerical strength to 
a point where extinction of the entire colony becomes 
improbable; in other words, the young colony must maxi- 
mize its rate of increase. This idea can be expressed in 
a more explicit form by use of the Euler equation, 


if a e = Íl 
0 


where 1, is the probability that the colony member sur- 
vives to age x, m, is the number of offspring it creates 
(or in the case of workers, helps to create), and r is the 
rate of increase. For the sake of simplicity, the age dis- 
tribution is made stable and the average number of off- 
spring created up to the moment of colony extinction is 
set at unity. The colony, to put the argument entirely in 
terms of the equation, should try to maximize r. Lewontin 
(1965) has employed the Euler equation to consider 
effects that joint changes in the survivorship and fecundity 
schedules would have on r in an expanding population 
of nonsocial organisms. As I have pointed out (Wilson, 
1966), his results have some promising applications to the 
analysis of social insects. First, Lewontin deduced that 
rapid development would be selected more efficiently in 
the evolutionary increase of r than would high total 
fecundity. This result is at least consistent with the fol- 
lowing observed facts about social insects: (1) it is the rule 
for new colonies to be started by single queens, the col- 
laboration of two or more queens apparently in most 
species not adding sufficiently to r to make polygyny 
advantageous; (2) the first broods develop more quickly 
than later broods; (3) first-brood workers are smaller than 
those of later broods (thus favoring a quicker start in 
population growth). Lewontin’s second result of use is that 
for a given total production of viable offspring, r-selection 
will favor lower fecundity and lower survival rates. This 
inference is in accord with the following additional facts 
about social insects: (1) queen-laid eggs are sacrificed 
freely in the feeding of the first-brood larvae; and (2) 
workers of incipient colonies are much less aggressive than 
those of mature colonies and hence far less likely to throw 


Chapter 21 


their lives away, but they nevertheless have shorter natural 
life spans. All of the conditions listed, except monogyny, 
are removed when the colonies approach the carrying 
capacity of the environment and a high r is no longer 
required. 


The Survivorship of Colonies 


The growth of individual colonies is characterized in 
most species by a rapid increase in numbers over the first 
part of the life cycle which is repeated faithfully each 
generation. Colony growth is typically subjected to intense 
r-selection. The growth of the population of colonies, 
however, is far less likely to incorporate such episodes. 
The extent to which they do will have a wholly different 
set of effects on the age structure and longevity of colonies 
as well as on their production of reproductive forms. 

In order to see this two-layered relationship clearly, it 
is necessary to recall that in the social insects the unit of 
selection is the colony. More accurately, it is the queen, 
since in a loose sense the colony is only the somatic ex- 
tension of this individual. In the discrete-generation 
case, fitness can be measured as the replacement rate 


ij L,M, dx, where L, is the probability that a queen 


survives to age x and M, is the rate of production of new 
queens at age x. For a persistent species, which in social 
insects is comprised of a population of colonies, the re- 
placement rate for all genotypes taken together over a 
long period of time is equal to unity. But, if the species 
is evolving (and all almost certainly are, all the time), the 
various genotypes will have replacement rates not equal 
to unity. The components of colony fitness, then, can be 
classified according to whether they contribute to the sur- 
vivorship of queens (L,) or to the production of new 
queens (M,). The growth rate of colonies and colony size 
are important only insofar as they increase these two 
major components of fitness. This explains, in a very 
general way, why in some species the societies grow slowly, 
why mature colony size is quite small, why rate of queen 
production is very low, or a combination of all these 
things. A low queen (colony) M, is simply compensated 
for by a high queen (colony) L,, or vice versa. The same 
physiological and behavioral characteristics that lower 
fecundity can be expected to raise survivorship. 

But, having said this much, it must be added that we 
know so little about the relation of behavior and physiol- 
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ogy to life and fecundity schedules as to make theoretical 
extensions treacherous. One promising empirical general- 
ization that can be made is that, when colonies are started 
without the assistance of workers by a single queen, a 
group of queens, or by a royal pair (in termites), the 
colony survivorship curve is of type IV. This is an ab- 
straction of the commonly observed fact that a very large 
number of reproductive individuals are liberated in the 
nuptial flights and all but a tiny fraction die soon after- 
ward. For example, of 69 incipient colonies belonging to 
two species of Polistes studied by Yoshikawa (1954), only 
two colonies, or 3 percent of the total, survived to matu- 
rity. Similarly heavy early mortality occurs in the hornets 
and yellow jackets of the subfamily Vespinae (Scott, 1944; 
Duncan, 1939) and in the halictid bees (Batra, 1966a). 
Batra’s survivorship curves, which comprise one of the few 
sets of data of this kind available in the social insects, are 
reproduced in Figure 21-7. Autuori (1956) found an aver- 
age of 2,902 virgin queens per nest in the fungus-growing 
ant Atta sexdens, 1,688 in A. bisphaerica, and 978 in A. 
laevigata, all available for nuptial flights; while Wilder- 
muth and Davis (1931) estimated that 80,000 to 1,000,000 
of Pogonomyrmex barbatus were released from an 80-acre 
alfalfa field in one year. At most, a few dozen such indi- 
viduals survive the nuptial flight and start incipient colo- 
nies. Because a single mature colony lives for years, an 
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FIGURE 21-7. Colony survivorship curves of the halictid bee 
Dialictus zephyrus. Each curve represents a population of 
colonies in a different locality in Kansas (redrawn from Batra, 
1966a). 
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average of less than one of the new colonies per year, 
certainly no more than 0.1 percent of the original virgin 
queens together with their subsequent offspring, can be 
expected to survive to maturity in a stable population of 
colonies. Colony-level mortality of this severity is com- 
monplace throughout the ants and termites, reaching its 
extreme in the higher termites. According to Ratcliffe, 
Gay, and Greaves (1952), one mature colony of Nasuti- 
termes exitiosus produces as many as 44,000 new winged 
reproductives each year and over a million during its 
lifetime. Since half the latter number, say 500,000, are 
virgin primary queens, it follows that in a stable popula- 
tion of exitiosus colonies an average of only one royal pair, 
or less than 10-° of the total produced, ever succeeds in 
producing a mature colony of their own. In both termites 
and ants, most of the emerging queens succumb to preda- 
tors, especially birds and worker ants, in a few hours dur- 
ing and immediately following the nuptial flights. Of those 
that survive, few are able to find suitable nesting sites and 
eventually are destroyed by predators or workers of alien 
colonies as they wander about in exposed situations. 
Studies by Brian (1952b) on the British ant fauna indicate 
that the quantity of nest sites is a primary limiting factor 
of population density and exercises its effect mostly at the 
time of the nuptial flight. Noirot (1958-1959) concluded 
from his field studies in Africa that termite densities are 
limited both through competition among termite colonies 
for nest sites and predation by ants, especially in the early 
stages of colony growth. It follows that selection is heav- 
iest, and hence evolution potentially fastest, at the begin- 
ning of the colony life cycle. As future studies unfold, we 
should expect to discover many new complex adaptations 
in the young queen in this period of her life, especially 
as they relate to habitat searching and the avoidance of 
other social insects (Wilson and Hunt, 1966). 

I have stressed that the average replacement rate of a 
persistent species will be unity if measured over a suffi- 
ciently long period of time. The same may or may not 
be true of local populations monitored over short periods 
of time. In the case of weedy or “fugitive” species, that 
is, species that exploit newly opened habitats by means 
of greater dispersal power or faster reproduction, popula- 
tions are probably either increasing or decreasing at a 
fairly steep rate at any given moment. Other, more stable 
species have populations in which growth will be relatively 
slight. Excellent examples of stable species are found in 
certain mound-building ants of the genus Formica. 
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Through censuses taken by E. A. Andrews, E. N. Cory, 
W. A. Dreyer, Elizabeth Haviland, R. L. King, R. M. 
Sallee, G. Scherba, and Mary Talbot in the United States 
over a period of several decades, quantitative records are 
available that are unusually complete for social insects. 
In populations of F. exsectoides, F. opaciventris, and 
F. ulkei there has been in each case an apparent gradual 
“aging” process, a definite decrease in the proportion of 
small mounds and a concomitant increase in the propor- 
tion of larger mounds (Scherba, 1963). Nest densities 
ranged between 0.01 and 0.04 per square meter with little 
change over a period of years. The average longevity of 
a F. ulkei nest was estimated by Dreyer (1942) to be about 
20-25 years. New queens are added through adoption, 
making the age of the colony independent of the age of 
the queen. According to Scherba, a Wyoming population 
of F. opaciventris remained steady during a three-year 
observation period at a density of 0.04 nests per square 
meter, a nest birth rate of 5 to 13 percent, and a nest death 
rate of 8 to 9 percent. In general, mortality was highest 
among the new nests. 

The relatively long time required to reach maturity and 
the long average life of colonies thereafter promote short- 
term stability in the population of colonies. Colonies of 
the ant species Myrmica rubra and M. ruginodis, to cite 
an extreme example, require eight to ten years of growth 
before they begin producing queens in Scotland (Brian, 
1957a). The long potential life of mother queens of insect 
societies is well known and has already been documented 
in Table 21-1. The potential longevity of individual colo- 
nies must be at least equally great. The meager data 
bearing on this point are summarized in Table 21-4. The 
colonies of various species can be classified very simply 
into two types: the mortal and the potentially immortal. 
The mortal colony has only one or a very few queens, and 
new queens are not added when the original ones die. The 
colony lasts no longer than one worker’s lifetime beyond 
the death of the last queen. Examples include many and 
perhaps most species of ants, halictid bees, and social 
wasps. Potentially immortal colonies are found in three 
classes of species: (1) those that have multiple queens and 
adopt new ones as a matter of course (Formica exsecta 
group, some polybiine wasps); (2) those that reproduce 
by fission, in which new queens arise periodically and 
depart with a portion of the worker force, thus paralleling 
the budding process of “immortal” hydras and some other 
invertebrates (examples in the social insects include army 
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TABLE 21-5. Size and caste composition of colonies of various ages of the termite Cubitermes severus 


(from Paulette Bodot, 1969). 


Age 

Young Adult “Senile” 
Population (pop. < 10,000) (pop. 10,000-40,000) (pop. >40,000) 
Number of colonies observed 25 45 12 
Average population 5,600 30,000 50,000 
Workers (percent) 47 63 85 
Larvae (percent) 52 36 14 
Soldiers (percent) 0.85 0.75 1.15 


ants, honeybees, stingless bees); and (3) those that auto- 
matically create replacement reproductives when the 
original royal members die (some ants, for example 
Monomorium pharaonis and species of Oecophylla, and 
most termites). It is curious that at least some termite 
species have apparently surrendered the capacity for 
colony immortality in the course of their evolution. The 
primitive termites, including Mastotermes darwiniensis and 
the Kalotermitidae, Hodotermitidae, and Rhinotermi- 
tidae, as well as most members of the advanced family 
Termitidae, all have the power to produce supplementary 
reproductives. However, the trait appears to have been 
lost in the termitid genus Apicotermes and its close rela- 
tives (Noirot, 1969a). In one species of termitine, Cubi- 
termes severus, adultoid supplementary reproductives 
occur, but colonies appear to age and die anyway. In Table 
21-5 are given Paulette Bodot’s data on C. severus colonies 
of different ages, including those considered to be in a 
state of senility. In the adult period the colony regularly 
produces new winged reproductive forms, which are re- 
leased in nuptial flights. In the “senile” period this output 
diminishes, then stops, and at the very peak of its numeri- 
cal strength the colony population begins to decline. From 
the juvenile through the senile periods, there is a steady 
reduction in the proportion of larvae to workers, while 
the percentage of soldiers remains approximately con- 
stant. Skaife (1954a) has reported a similar intrinsic de- 
cline in colonies of the Cape black-mound termite, Ami- 
termes hastatus, even though this species has a limited 
capacity to produce supplementaries. I believe it is pre- 
mature to generalize from this limited evidence, as Noirot 
has done, that colony senescence is universal in the higher 
termites. Nevertheless, great interest in the matter accrues 


from the paradoxical fact that it occurs at all. For if the 
seizure of a nest site and the race to maturity are the most 
critical steps in the life cycle of termite colonies, with 
success being crowned only once every ten thousand or 
hundred thousand attempts, what could possibly be the 
adaptive value of surrendering supplementary repro- 
duction and giving in to senescence? 

Whatever the statistics of colony longevity, it remains 
generally true that stable species of social insects have 
populations consisting mostly of mature colonies varying 
little in the number of queens and workers. This principle 
has been upheld by numerous data collected by Headley 
(1943) on the ants Aphaenogaster rudis, Leptothorax curvi- 
spinosus, and L. longispinosus; by Talbot (1943, 1951) on 
Aphaenogaster rudis and Prenolepis imparis; by Bouillon 
(1964) on the termite Apicotermes desneuxi; by Bodot 
(1964) on species of Cubitermes; and by Sands (1965) on 
Trinervitermes geminatus. Their censuses are still too lim- 
ited to allow a broad extension to social insects as a whole. 
However, my own subjective impression while collecting 
hundreds of ant species in both the North and South 
Temperate Zones and tropics around the world has been 
that, as a rule, mature or nearly mature colonies out- 
number the younger stages. 

Once a habitat is populated by mature colonies of social 
insects, the total numbers of individual insects can vary 
without radically altering the number of colonies. In fact, 
the colonial organization of the populations can be ex- 
pected to serve as a homeostatic device in damping fluc- 
tuations in the numbers of individual insects. The reason 
is that it is possible for a cutback in numbers of individ- 
uals, even a drastic one, to reduce the average size of 
colonies without changing the number of colonies. Thus 
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FIGURE 21-8. Fluctuation in the number of nests of three 


species of ants in a small area of bracken heath in Yorkshire, 
England (redrawn from Pickles, 1940). 


the reduction does not extinguish the species, nor does 
it even change its distribution within the local environ- 
ment. When conditions ameliorate, the colonies can serve 
as nuclei in the rapid restoration of the populations of 
individuals. This inference is supported by the data of 
Pickles (1940), who for a period of four years kept careful 
records of both the nest populations and biomasses of ant 
species in a small area of bracken heath in northern 
England. As shown in Figures 21-8 and 21-9, the number 
of nests of the three species increased gradually by a factor 
of approximately two, while the numbers of individuals 
were fluctuating in a much stronger and less concordant 
fashion. The most interesting example is that of Formica 
fusca. Although 1939 saw the numbers of individuals of 
this species descending to low levels, the number of nests 
had actually risen, so that the chances of the species 
vanishing from the study area remained very remote even 
during this bad year. 

The principal conclusions that can be drawn from the 
information just presented are that colony mortality is: 
very heavy at the earliest stages, that mature colonies are 
relatively very persistent, and that the populations of 
colonies are therefore probably changing in density only | 
very slowly—at least compared with nonsocial insect | 
species—in all but the least stable habitats. An important 
consequence of these generalizations is that the mere 
production of new queens contributes less to queen 
(= colony) fitness than it otherwise would. At least equally | 
sensitive to evolution are the behavioral and growth char- | 
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acteristics that contribute to colony survivorship. Thus, it 
is not surprising to find cases like.that of Formica opaci- 
ventris, which releases queens from only 3 to 5 percent 
of the mounds yearly (Scherba, 1961), or of Eciton 
burchelli and E. hamatum, whose colonies multiply only 
slowly by simple annual budding (Schneirla, 1956b). Each 
of these species has elaborate behavioral adaptations that 
promote colony survivorship and, hence, high population 
stability. Population stability is not always of high selec- 
tive advantage, as can be seen in the common occurrence 
of fugitive species in most groups of animals. Where it 
has evolved, however, the following relation can be pre- 
| dicted: the greater the stability of the population of colo- 
| nies, the im the productivity of new queens and the 
| higher the survival rate of new colonies. A difficult but 


‘ important task of the future will be the closer measure- 


ment of population stability and the correlation of this 
variable with other characteristics of colony growth and 
behavior. 
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FIGURE 21-9. Fluctuation of the numbers of individuals in 
the same three species of ants shown in figure 21-8. The 
numbers given for each species are the combined totals for 
larvae, pupae, and adults (redrawn from Pickles, 1940). 
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Competition and Territoriality 


The worst enemies of social insects are other social 
insects. Ants in particular are their chief predators. A great 
many studies on termite ecology, including those of 
Bugnion (1922), Wheeler (1936a), Weber (1949a), and 
R. M. C. Williams (1959a), have confirmed the statement 
of Emile Hegh (1922) that “Of all the enemies of termites, 
the ants are the most active and effective.” Whole genera 
of tropical ants—Centromyrmex, Acanthostichus, Megapo- 
nera, Ophthalmopone, Termitopone, Carebara—are spe- 
cialized for feeding on termites. The driver ants of the 
genus Anomma, according to Paulette Bodot (1964), are 
the chief predators of the great mound-building colonies 
of Macrotermes in Africa. Since the colonies of both the 
victims and the huntresses each contain millions of 
workers, the depredations must reach truly titanic dimen- 
sions. And Auguste Forel was equally correct in stating 
that “The greatest enemies of ants are other ants, just as 
the greatest enemies of men are other men.” All of the 
Cerapachyinae so far as known and many of the Poneri- 
nae and Dorylinae are specialized predators on other ant 
species. A great many less-specialized species in a consid- 
erable array of genera, including such dominant elements 
as Ectatomma, Myrmica, Solenopsis, Lasius, and Formica, 
regularly include other ants in their diets. Almost half of 
the prey of Formica subnitens, for example, consist of other 
ant species (Ayre, 1959). The chief predators of social 
wasps in tropical America are ants, especially army ants 
of the genus Eciton (Richards and Richards, 1951; R. L. 
Jeanne, personal communication), while in tropical Asia 
Aenictus army ants, as well as wasps of the genus Vespa, 
regularly attack other social wasps (F. X. Williams, 1919). 

Predation in the social insects grades imperceptibly into 
fierce competition for nest sites, food, and territory. So 
ubiquitous and overt are these interactions that social 
insects, especially ants, have served as a principal source 
of documentation for general competition theory in biol- 
ogy (Brian, 1955b, 1965b; Wilson, 1971). Almost all mod- 
ern ecologists would agree with the following definition 
offered by Miller (1967) or some variation of it: “the active‘ 
demand by two or more individuals of the same species 
(intraspecies competition) or members of two or more 
species at the same trophic level (interspecies competition) | 
for a common resource or requirement that is actually or 
potentially limiting.” This definition is consistent with the 
assumptions of the Lotka-Volterra equations, which still 
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form the basis of much of the mathematical theory of 
competition. It also matches the intuitive conception held 
by most modern ecologists concerning the underlying 
behavioral processes. Competition normally arises only 
when populations become crowded enough for a shortage 
to develop in one or more resources. When it does come 
into play, it reduces population growth, and, if permitted 
to increase unimpeded, it will eventually reduce the 
growth rate to zero. Much of the interference between 
insect colonies consists of open aggression, which includes 
elements of predation. This generalization can be ex- 
emplified almost anywhere in the world by putting down 
moist cubes of sugar and observing the interaction of the 
ant species attracted to them. As a matter of fact, I uften 
do this experiment as a form of amusement. On the streets 
of San Juan, Puerto Rico, to take one of many examples, 
anywhere from one to six species are attracted to the same 
sugar bait. Paratrechina longicornis, the swift-running 
hormiga loca (crazy ant) found in tropical cities around 
the world, is an example of a class of species I have come 
to call “opportunists.” The workers are very adept at 
locating food and are often the first to arrive at newly 
placed sugar baits. They fill their crops rapidly and hurry 
to recruit nestmates with odor trails laid from the rectal 
sac of the hind gut. But they are also very timid in the 
presence of competitors. As soon as more aggressive spe- 
cies begin to arrive in force, the longicornis draw back and 
run excitedly in search of new, unoccupied baits. The 
species survives by arriving and recruiting early enough 
to preempt a share of the food, without however exposing 
the workers to any great risk in battle. A second class of 
species, called “extirpators,” recruit by odor trails and 
fight it out with competitor species. Examples include 
species of Pheidole, the fire ant Solenopsis geminata, and 
Camponotus sexguttatus. All have a well-developed soldier 
caste which, in the case of Pheidole and Solenopsis at least, 
plays a key role in the fighting. Injury and death among 
the combatants are commonplace. Finally, a third class 
of species (“insinuators”), exemplified by Tetramorium 
simillimum and species of Cardiocondyla, rely on small size 
and stealthy behavior to reach the sugar baits. The colo- 
nies are small and lack a soldier caste. When a Cardio- 
condyla scout worker discovers food, it recruits only one 
nestmate at a time by means of tandem running. The 
small numbers of workers reaching the baits by this means 
are usually able to ease their way to the edge of the sugar 
baits through crowds of “extirpator” workers without 
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eliciting aggressive responses. The three categories of 
behavior are not completely rigid. The opportunistic and 
insinuator species sometimes fight, and the extirpator 
species usually retreat when they arrive tardily at baits 
already dominated by another extirpator species. 

Aggressive behavior at sugar baits is a manifestation 
of the most prevalent form of territorial behavior in ants. 
Under normal circumstances the extirpator species domi- 
nate their natural persistent carbohydrate sources, which 
are pieces of decaying fruit and groups of aphids, coccids, 
fulgorids, membracids, and other honeydew-yielding 
homopterous insects located on plants near the nests 
(Elton, 1932; Morisita, 1941; Talbot, 1943; Brian, 1955b; 
Tsuneki and Adachi, 1957; Yasuno, 1965). In an ecological 
study of Polish ants, Dobrzañska (1958) noticed two 
different techniques by means of which various species 
partition their foraging grounds. In certain formicines such 

| as Lasius niger and members of the rufa and sanguinea 
groups of Formica, persistent trails lead to plants contain- 
ing honeydew-secreting insects. Each colony controls a set 
Of plants or portions of plants which it defends not only 
‘from other colonies of its own species but also from other 
ant species. Individual workers tend to return consistently 
ito the same spots on their foraging trips, and some stand 
guard there for hours or even days at a time. The second 
technique is utilized by such myrmicines as Leptotho- 
rax acervorum, Myrmica scabrinodis, and Tetramorium 

| caespitum. Workers hunt singly for food sources and when 
successful recruit nestmates rapidly by means of odor 

‘|trails. This second method of partitioning is clearly 
adapted to the exploitation of large but temporary food 
sources, while the first method is ideal for stable sources, 
regardless of whether they are large or small. Some ant 
species utilize both methods. Species of fire ants, particu- 
larly Solenopsis geminata and S. saevissima, as well as the 
species of Tetramorium, have highly efficient recruitment 
trail systems, but they also attempt to take permanent 
possession of persistent food sources when they are en- 
countered. 

Although ant workers of species employing both types 
of partition react aggressively to alien ants at the food 
sites, those relying principally on fixed territories—the first 
“technique” just described—are, as a rule, more aggres- 
sive. Species that use neither of the methods are the least 
aggressive of all ants. In the Kayano grassland of Hok- 
kaido, for example, Yasuno (1965) found that Formica 
exsecta and F. truncorum, which tend to occupy perma- 
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nent territories, are more aggressive than Camponotus 
herculeanus and Myrmica ruginodis and able to replace 
them at food sites. The latter two species in turn dominate 
Formica japonica, a nonterritorial and opportunistic spe- 
cies. The workers of japonica range widely from their nests 
in search of small food items and unoccupied food sites. 
Occasionally nests are located in empty spaces between 
the territories of other species, in which case the foraging 
pattern of the F. japonica becomes more compacted. 
Careful studies on a variety of myrmicine and formicine 
ant species by Talbot (1943), Yasuno (1965), and Brian, 
Hibble, and Kelly (1966) have shown that, while the 
defended feeding territories are persistent throughout the 
life of the colony, they shift, amoeba-like, in size and 
shape from season to season and even, in the extreme case 
of Prenolepis imparis, from day to day. One excellent 
example involving five species in the Kayano grassland 
is illustrated in Figure 21-10. A second quality of hostility 
at food sites is that it tends to be the most intense among 
alien colonies of the same species, and progressively less 
so the greater the taxonomic difference between the inter- 
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FIGURE 21-10. The feeding territories of colonies of five ant 
species in a stand of pine seedlings in the Kayano grassland, 
Hokkaido, Japan. Each nest is indicated by a small open circle, 
and lines are drawn between it and the pine seedlings occupied 
by the colony. These data document changes in nest site by the 
smaller colonies and the changing compass of the territories by 
colonies of all sizes: (C) Camponotus herculeanus; (e) Formica 
exsecta; ( f) Formica japonica; (L) Lasius niger; (t) Formica 
truncorum (redrawn from Yasuno, 1965). 
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acting species (Dobrzañska and Dobrzañski, 1962; Brian, 
1965b). This effect is due in part to a passive attitude that 
workers of some species take to members of other species. 
In other cases workers meeting members of very different 
species on foraging trips merely dash away, and this 
avoidance may be continued, for a while at least, even 
when enemies are encountered at food sites. But when 
members of the same or closely related species are en- 
countered, there is a predilection to pause and investigate 
the stranger by antennal contact, an intimacy that often 
results in fighting. Taxonomically remote species also are]; 
less likely to encounter each other at food sites because! 
of a tendency to hunt in different microhabitats at differ-| 
ent times of the day. This phylogenetic rule of species’ 
interference helps to explain the patterns of species re- 
placement on Pacific islands described by Wilson and 
Taylor (1967) and Wilson and Hunt (1967). On the larger 
islands such as Savai’i, Upolu, and Tahiti, with areas of 
a thousand square kilometers or more, two or more species 
belonging to the same genus frequently coexist in large 
numbers. An exception involves the larger, more aggres- 
sive species of Pheidole. P. fervens, a widespread Indo- 
Australian species, is unknown from Samoa at the present 
time but it is a dominant ant in the Society Islands. 
P. megacephala, a pantropical species of African origin, has 
the reverse distribution: it is dominant on Upolu (Samoa) 
but rare or absent in the Society Islands. P. oceanica, 
another Indo-Australian element, replaces megacephala on 
Savaii (Samoa) and occurs on Upolu only on the western 
side facing Savai’i; itis, furthermore, relatively uncommon 
in the Society Islands. Elsewhere in Polynesia the com- 
plementarity among the three species is maintained. 
Fervens occurs on Tonga and Pitcairn; it is only occasional 
on the Marquesas and unknown in Hawaii. Megacephala 
is absent from Tonga and Pitcairn but is dominant on the 
Marquesas and in Hawaii. On smaller islands, the most 
closely related species of certain other genera, such as 
Cardiocondyla, Solenopsis, and Paratrechina, often display 
complementary patterns. On the smallest islands, mem- 
bers of different genera sometimes replace each other, as, 
for example, the larger species of Pheidole and Solenopsis. 
The intensity of territorial defense varies among ant 
| species along a gradient that appears to represent an 
| evolutionary progression (Brian, 1965b). Colonies of the 
primitive genus Myrmecia, together with most ponerines, 
defend only the immediate nest area. The workers forage 
singly and normally capture only prey items that can be 
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returned to the nest single-handedly. They also gather 
nectar from flowers in a solitary fashion resembling that 
of wasps and nonsocial bees. They do not recruit other 
workers to such food sites; nor do they fight to defend 
them. Defense of food sites evidently appeared in the 
course of evolution when ants began to utilize persistent 
carbohydrate sources. The simplest known case is that of 
Prenolepis imparis, whose workers defend pieces of rotting 
fruit up to distances of 1.5 m from their nest entrances. 
They show a generalized hostility to alien P. imparis 
workers, to those of other ant species, and in fact to all 
insects that attempt to approach their pieces of fruit. But 
the defense is limited strictly to the fruit, and foraging 
workers from as many as three colonies may search the 
same ground simultaneously without interference (Talbot, 
1943). The next step in the evolutionary progression seems 
to be represented by the wood ant Formica rufa. Workers 
from the huge colonies that characterize this species travel 
along regular pathways as long as 200 m to visit several 
forest trees. By virtue of their large numbers and excep- 
tionally aggressive behavior, they keep the trees mostly 
clear of other insects. Certain other ant species, notably 
Pheidole megacephala, Solenopsis saevissima, and Irido- 
myrmex humilis, go one step further than Formica rufa. 
They monopolize not only the proven food sources but 
also most or all of the remaining foraging area. Rival 
colonies are attacked and eliminated, especially those that 
have similar nest site preferences and whose worker castes 
are of comparable physical size. Finally, the extreme of 
territorial behavior is displayed by a few species special- 
ized for living in obligate ant plants (see Chapter 4). Their 
workers are extremely aggressive in manner, totally mo- 
nopolize the tree in which they live, and attack almost 
every other animal species encountered. 

As a rule, colonies of social insects belonging to the 
same species repel each other by one means or other, with 
the result that populations of mature colonies are “over- 
dispersed”—spaced so that the distances between them 
are too uniform to have been randomly set. The docu- 
mentation of this phenomenon in ants is extensive (Brian, 
1956b,c, 1965b; Talbot, 1943, 1954; Wilson, 1959d; 
Yasuno, 1964a, 1965). Of special interest is the discovery 
by Waloff and Blackith (1962) that nests of Lasius flavus, 
a species known from direct behavioral observations to 
be territorial, are randomly distributed in areas of low 
population densities but overdispersed in areas of high 
densities. A different pattern altogether is displayed by 
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Formica japonica, which, as we have already seen, is a 
nonterritorial, “opportunistic” species. According to 
Yasuno (1964a), colonies at the Kayano grassland are 
overdispersed where the species occurs in uniform but 
low-density stands, and aggregated where they occur in 
a species-rich zone along the border of an adjacent forest. 
It seems probable that competition for food spaces the 
colonies out in the former habitat, while pressure from 
other, more aggressive species forces them together along 
the forest border. 

Spacing can be achieved among territorial species not 
only by the aggressive interaction of developed colonies 
but also, at the very beginning, by the individual actions 
of the nest-founding queens. In a study of habitat selection 
in Scottish ants, Brian (1952a) demonstrated a remarkable 

“rank order” among species in the appropriation of 
favored nest sites by competing queens. In the cool, moist 
woodland of western Scotland, ant colonies are limited 
to sunny places where higher temperatures persist long 
enough to permit the rearing of brood. As newly mated 
ant queens enter rotting pine stumps, they move to the 
south side of the vertical surface just beneath the bark. 
When individuals belonging to the same species encounter 
one another, they group together or space out at very short 
intervals. When queens of different species meet, however, 
they space out at much greater distances. Under such 
conditions, Formica fusca occupies the southern face of 
the stump, which is the warmest area, while Myrmica 
ruginodis (= M. “rubra’’) moves, for the most part, to the 
east face, which is the second warmest. M. scabrinodis 
takes what is left. The tiny Leptothorax acervorum avoids 
conflict altogether by occupying galleries in the core of 
the stump too narrow to admit the other species. Brian 
was then able to demonstrate by a laboratory experiment, 
the results of which are given in Figure 21-11, that the 
segregation of the species is due, at least in large part, 
to the repulsion of the Myrmica by the Formica from the 
favored southerly position. In later stages of their popula- 
tion growth, the colonies of the different species continue 
to occupy different positions, and in some cases they 
remain there into maturity. 

Spacing within species often involves a more destructive 
interference among the queens and colonies. It is a com- 
mon observation that ant queens and young colonies are 
destroyed by other colonies belonging to the same species. 
Large numbers of newly mated queens of Formica fusca 
are captured and killed as they run past the nest entrances 
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FIGURE 21-11. M. V. Brian’s experimental demonstration of 
behavioral exclusion leading to species segregation in ant 
queens. Queens were placed in glass vessels heated to 30°C at 
one side (the bottom of the diagram) and their positions 
recorded ten minutes later. (4, B) When placed with members 
of their own species alone, both the Formica fusca queens 
(located as a group in the stippled areas) and the Myrmica 
ruginodis queens (shown individually as dots) invariably chose 
the warmest part of the chambers; (C) when mixed together, 
the M. ruginodis were displaced to the cooler part. This 
segregation closely resembles that observed in dead stumps 
under natural conditions (redrawn from Brian, 1952b). 


(Donisthorpe, 1915); the same fate terminates a large 
percentage of the colony-founding queens of Iridomyrmex 
detectus and Solenopsis saevissima (Wilson, unpublished 
observations). Queens of Myrmica and Lasius are harried 
by ant colonies, including those belonging to their own 
species, and finally they are either driven from the area 
or killed (Brian, 1955b, 1956b,c; E. O. Wilson and G. L. 
Hunt, unpublished observations). It is also frequently true 
that colony-founding ant queens and juvenile colonies are 
more abundant where mature colonies are scarce or ab- 
sent. Brian, who has studied this effect in the British fauna 
in some detail, discovered a striking inverse correlation 
in various habitats between the density of adult colonies 
and of foundress queens of Formica and Myrmica. Similar 
dispersing effects have been recorded in other social in- 
sects. In stable habitats of southwestern Australia, mature 
colonies of the termite Coptotermes brunneus are spaced 
about 90m apart. In the intervening areas colony- 
founding queens are caught and destroyed. Also, the 
mature colonies compete intensely for the limited foraging 
space in the few available trees (Greaves, 1962). A similar 
pattern of strong territoriality has been described in 
Hodotermes mossambicus by Nel (1968). It is true of ter- 
mites generally that when more than one couple belonging 
to the same species succeed in founding colonies together, 
they coexist peaceably or even combine forces for a while. 
But within a few months at most fighting and cannibalism 
ensue, until finally only a single couple—and, hence, one 
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effective colony—survives (Nutting, 1969). Colonies of the 
paper wasp Polistes fadwigae located 3.5 m apart steal and 
eat each other’s larvae. If they are brought by the experi- 
menter to within 5 cm of each other, the dominant females 
fight until a new dominance order is achieved, and the 
colonies fuse (Yoshikawa, 1963b). Honeybee workers from 
different colonies fight at the same food dishes when the 
sugar supply begins to be used up (Kalmus, 1941). Under 
more natural conditions, honeybee colonies placed to- 
gether have been shown, by use of radioactive tagging, 
to restrict each others foraging areas as a function of the 
degree of crowding (Levin, 1961; Levin and Glowska- 
Konopacka, 1963). 

Territorial fighting among mature colonies of both the 
same and differing species is common but not universal 
in ants. It has been recorded in very diverse genera of 
which the following form only a partial list: Pseudo- 
myrmex, Myrmica, Pogonomyrmex, Leptothorax, Solenop- 
sis, Pheidole, Tetramorium, Iridomyrmex, Azteca, Anoplo- 
lepis, Oecophylla, Formica, Lasius, Camponotus. The most 
dramatic battles known within species are those conducted 
by the common pavement ant Tetramorium caespitum. 
First described by the Reverend Henry C. McCook (1879a) 
from observations in Penn Square, Philadelphia, these 
“wars” can be witnessed in abundance on sidewalks and 
lawns in towns and cities of the eastern United States 
throughout the summer. Masses of hundreds or thousands 
of the small dark brown workers lock in combat for hours 
at a time, tumbling, biting, and pulling each other, while 
new recruits are guided to the melee alorig freshly laid 
odor trails. Although no careful study of this phenomenon 
has been undertaken, it appears superficially to be a 
contest between adjacent colonies in the vicinity of their 
territorial boundaries. Curiously, only a minute fraction 
of the workers are injured or killed. 

Territorial wars between colonies of differing ant species 
occur only occasionally in the cold temperate zones. 
Colonies of Myrmica and Formica, for example, sometimes 
overrun and capture nest sites belonging to other species 
in the same genus (Brian, 1952a; Scherba, 1964b). Intense 
aggression is, on the other hand, very common in the 
tropics and warm temperate zones. Certain pest species, 
particularly Pheidole megacephala, the fire ant Solenopsis 
saevissima, and the so-called Argentine ant, Iridomyrmex 
humilis, are famous for the belligerency and destruc- 
tiveness of their attacks on native ant faunas wherever 
they have been accidentally introduced by human com- 
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merce (M. R. Smith, 1936b; Wilson and Brown, 1958b; 
Haskins, 1939; Haskins and Haskins, 1965; Wilson and 
Taylor, 1967). They even go so far as to eliminate some 
of the species, especially those closest to them taxonomi- 
cally and ecologically. In the case of I. humilis, only the 
smallest, least aggressive ant species remain unaffected. 
It is possible that, given enough time, evolutionary change 
will result in the “taming” of such species and their in- 
creasingly harmonious assimilation into the native faunas. 
Wheeler (annotations to Réaumur, 1926) reminds us that 
in the early 1500's a stinging ant appeared in such huge 
numbers as to cause the near abandonment of the early 
Spanish settlements on Hispaniola and Jamaica. The 
colonists of Hispaniola called on their patron saint, St. 
Saturnin, to protect them from the ant and conducted 
religious processions through the village streets to exorcise 
the pest. What was evidently the same species, which came 
to be known by the Linnaean name Formica omnivora, 
appeared in plague proportions in Barbados, Grenada, 
and Martinique in the 1760’s and 1770’s. The legislature 
of Grenada offered a reward of £ 20,000 for anyone who 
could devise a way of exterminating the pest, but to no 
avail. It now appears that F. omnivora was none other 
than the familiar fire ant, Solenopsis geminata, which at 
the present time is a peaceable and only moderately 
abundant member of the West Indies fauna. 
Iridomyrmex humilis and Pheidole megacephala are 
wholly incompatible species, with humilis the usual if not 
invariable winner in such subtropical localities as 
Madeira, Oahu, and Bermuda. The Iridomyrmex popula- 
tions penetrate new environments on foot, with raiding 
columns of workers clearing the way and pioneer com- 
munities of workers and queens following into the freshly 
opened nest sites. New populations, on the other hand, 
spring from little groups of workers and queens that are 
carried inadvertently in human freight and baggage. The 
gradual replacement of Pheidole megacephala by Irido- 
myrmex humilis on Bermuda, which began with the estab- 
lishment of humilis around 1953, has been especially well 
documented by Haskins and Haskins (1965) and Crowell 
(1968). Fighting and replacement among both native and 
introduced ant species is a frequent and conspicuous event 
in cultivated land in the tropics. It has been observed 
at length in Pheidole, Anoplolepis, and Oecophylla in 
coconut groves of Tanzania by Way (1953) and in citrus 
groves of South Africa by Steyn (1954), and in these three 
genera plus Iridomyrmex in coconut groves of the Solo- 
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mon Islands by E. S. Brown (1959). Here is Brown’s 
account of a typical event at Lunga, on the island of 
Guadalcanal: 


Pheidole megacephala was advancing rapidly into Oecophylla 
territory, and at the periphery of its area of spread its ‘advanced 
guard’ was installed on the bases of the trunks of a number 
of palms which still had Oecophylla colonies in the crowns. On 
the bases of the trunks of many of the palms were some old 
earthen runways of termites, and Pheidole, being small, had 
concealed itself in these; where there were small holes in the 
wall of the runway, Pheidole were stationed with heads facing 
outwards. Meanwhile larger numbers of Oecophylla had de- 
scended from the crown on to the base of the trunk within an 
inch of the Pheidole position, and there was, more or less, a 
state of deadlock; the Oecophylla ants were unable to get access 
to the Pheidole, while the latter were in insufficient numbers 
to attack. When an individual of Pheidole ventured out of its 
shelter it was immediately set upon by a number of Oecophylla 
and killed . . . That most such battles eventually turned in favor 
of Pheidole is evident from the rapid territorial advances it was 
making at this period. 


Anoplolepis longipes follows a more direct battle plan, 
exemplified in the following accounts by Brown of en- 
counters with Oecophylla smaragdina and Iridomyrmex 
myrmecodiae: 


[The] invading Anoplolepis ants move on to the base of the trunk, 
which evokes the descent of large numbers of Oecophylla to 
ring the trunk in defensive formation just above them. It then 
becomes a ding-dong struggle, the dividing line between the two 
species sometimes moving up or down a few feet from day to 
day; any ant wandering alone into the other species’ territory 
is usually surrounded and overcome. Eventually one species will 
get the better of the other, but this may not happen for several 
days or weeks... 


Anoplolepis had advanced on to the base of the trunk of a palm 
occupied by Iridomyrmex, which had descended in force from 
the trunk and formed a formidable phalanx of countless indi- 
viduals, almost completely covering the surface of the trunk over 
about 2 ft. of its length. After a few days this defensive formation 
was still intact, but had retreated higher up the trunk; eventually 
it was driven from the trunk altogether, and later Anoplolepis 
took possession of the crown. 


I do not wish to leave the impression that all competi- 
tive interactions between ant species involve brutish 
frontal assaults by fighting workers. Of course such events 
are the ones that attract attention and are most frequently 
recorded. When competition among other species pairs 
less selectively chosen are examined more closely, alter- 
native and more subtle techniques are revealed. Brian 
(1952a,b) found that the takeover of nest sites by various 
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species of Scottish ants is usually gradual and may involve 
any of several methods. Myrmica scabrinodis, for example, 
seizes nests of M. ruginodis either by direct siege, causing 
total evacuation of the ruginodis, by gradual encroachment 
of the nest, chamber by chamber, or by occupation fol- 
lowing greater tenacity in the face of adverse physical 
conditions, particularly severe cold, that drive the other 
species away. In the course of ecological studies in the Dry 
Tortugas, Florida, Richard Levins and I found that 
Pheidole megacephala is able to displace Solenopsis glob- 
ularia at food dishes in most instances not only by direct 
aggressive behavior but also by its greater capacity to 
maintain calm during the encounters. When workers of 
the two species meet, they usually dash away from each 
other in panic, temporarily losing contact with the odor 
trails that hold nestmates together as a force. By assem- 
bling on their own odor trails more quickly following the 
encounters, the megacephala are able to reorganize more 
efficiently and to mobilize forces strong enough to repel 
the still scattered globularia workers. In general, overt 
forms of aggression have been seen most frequently in the 
following circumstances: (1) where the species have been 
recently introduced by man and hence are “unfamiliar” — 
with their competitors in the evolutionary sense; (2) where 
the species are strongly territorial; (3) where the habitats 
have been artificially simplified, as in cultivated land and 
urban environments, so that the species brought into 
juxtaposition are ones which seldom encounter each other 
in their more complex native environments. It is to be 
expected that, as behavioral studies become more exacting 
in the future, the less direct forms of contest competition 
within and among social insect species will be relatively 
better documented. It also seems certain that examples 
of “scramble” competition will be revealed, involving the 
mutual appropriation of common resources in short sup- 
ply even in the absence of direct physical encounters. 


The Control of Colony Density and 
Species Diversity 


' Interference between colonies belonging to the same 
species has the important effect of increasing the numbers 
| of competing species that can coexist. This result is pre- 
dicted in the graphical models devised by Gause and Witt 
(1935) on the basis of the Lotka-Volterra competition 
equations. In words, the Gause-Witt theory states that, if 
two species interfere with one another to any extent, one 
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will always replace the other unless the following condi- 
tion is met: the population densities of the two species 
must be self-limiting in such a way that they will stop 
increasing before the other species becomes extinct. The 
most familiar way in which such an equilibrial coexistence 
can come into being is if the two species occupy sufficiently 
different niches. Then one will tend to reach a limit in 
the part of the habitat to which it is specialized and 
reaches maximal densities before it is able to crowd out 
the second species in the part of the habitat optimal for 
the second species. This special case has become so famil- 
iar in ecological writing as to be frequently referred to as 
the “Gause hypothesis,” “Gause’s law,” and so forth, but 
the Gause-Witt model embraces other potential mecha- 
nisms as well. Consider, for example, the possibility that 
the population density of each species is under the control 
of a parasite specialized for feeding on it. This, too, could 
easily lead to stable coexistence of the two prey spe- 
cies—as well as of the two parasitic species. It follows that 
any density-dependent control peculiar to a species will 
contribute to the stable coexistence of competing species. 
In this light the work of Pontin (1960, 1961, 1963) takes 
on a particular significance. Pontin made careful studies 
of the ecology of two related species of formicine ants, 
Lasius flavus and L. niger, with special reference to the 
ways in which each affects the survival and reproduction 
of the other. In calcareous grassland near Wytham, Eng- 
land, the two species are dominant species, and their 
colonies are intermingled at saturated densities. In order 
to measure the consequences of interaction, Pontin first 
placed newly mated Lasius queens in tubes with openings 
large enough to admit workers but too small to permit 
the escape of the queens, and seeded them within the 
territories of mature colonies. He found that the queens 
were attacked and destroyed preferentially by workers of 
their own species. Studies were then made of the relation 
between productivity of new queens and the distance 
between the nest of the colony and the nearest nests 
belonging to both species. In a related experiment, colo- 
nies of L. flavus were transplanted to new positions in a 
circle around nests of L. niger in order to increase the 
competitive pressure on them. The results showed con- 
clusively that queen production is reduced more by intra- 
specific than by interspecific interference. Therefore, 
through both the depression of the production rate of new 
queens and their destruction following the nuptial flights, 
each of the two species controls its own population densi- 
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ties to a greater extent than those of its competitor. This 
effect fulfills, at least in principle, the essential condition 
of the Gause-Witt equilibrium. The behavioral basis of 
the effect can only be guessed. Perhaps the reason why 
workers attack alien queens of their own species prefer- 
entially is that, as Brian (1956b) has claimed to be the 
case in Myrmica, they tend to be repulsed at a distance 
by the odors of both queens and workers of alien species. 
Such a response, which serves primarily as an adaptation 
to avoid injurious conflict, could not be extended to 
members of the same species without N with 
normal communication within the colonies. 
Interference between mature colonies seems to be re- 
duced by innafe ecological differences between the two 
species. Lasius niger is a versatile ant that nests in rotting 
stumps, beneath stones, or in the open soil, and forages 
both below and above ground and up onto low vegetation. 
L. flavus is a primarily subterranean species that builds 
mounds in the open soil. Where the two species live to- 
gether in the Wytham grassland, niger inserts itself in 
suitable nest sites between the flavus mounds in the man- 
ner illustrated in Figure 21-12. By competition for space 
and food (and limited predation on flavus, which is not 
reciprocated) niger depresses the queen production of 
flavus. Symmetrically, flavus takes away space and food 
from niger; and it also interferes with niger by using 
stones as props for the mounds of excavated earth, thus 
covering them and denying them to the niger for use as 
nest covers. But the degree of interference between the 
two species seems to be superimposed on a larger degree 
of interference among colonies belonging to the same 
species. The latter, intraspecific interference is not only 
enough to stabilize the populations of colonies, but it is 
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FIGURE 21-12. A diagrammatic vertical section through 
interspersed nests of the competing ant species Lasius flavus 
and L. niger. The territories of L. flavus are stippled (redrawn 
from Pontin, 1961). 
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sufficiently greater than interspecific imtterfisrence to permit 
the permanent coexistence of the two species. 

Let us next consider both the theorsiical argument and 
the evidence from the Lasius exemmple m an evolutionary 
context. In order for species to coexist. it 15 necessary that 
each of them be sufficiently different to reach their equi- 
librial densities before eliminztime then competitors, and 
the usual way this occurs is tmeush differences in critical 
dimensions of the “niche,” mammelx. those parameters of 
habitat, nest site, diet, foragmg pemiodioity, and other 
factors capable of limiting populations. Now when the 
ranges of two species first meet. it maw be that the species 
are already so different that competition is negligible, and 
the ranges come to overlap with mo Gifficullty. But if inter- 
ference is considerable, it will be of adaptive value for 
the species to diverge ecologicallx im the zone of overlap. 
In the case of social insects such “wharacter displacement” 
(Brown and Wilson, 1956) will eve a Giwidend measura- 
ble in increased colony survival or quesn production or 
both. In view of the kind of competition revealed by 
Pontin’s analysis it is appropriate tinal one of the first and 
best-documented examples of ecologialliy based character 
displacement occurs in the genus Lasix (Wilson, 1955a). 
L. flavus, one of the protagonists im Pomtin’s study, occurs 
throughout the temperate portions of Europe, Asia, and 
North America. Over most of this 1amge üt:occupies a wide 
array of principal habitats, imciwdiimg grassiand and both 
deciduous and coniferous woodlamd with various degrees 
of shading and drainage. In the meet portion of eastern 
` North America, however, it emcoumuers a very closely 
related species, L. nearcticus. Thee itt is more restricted 
in habitat choice, being limited climetty io open woodland 
and fields, while nearcticus occupies the darker, moister 
woodland habitats. Where they camm together, the two 
species can be distinguished by mo less tihan five morpho- 
logical characters, including differems>s im eve size, color, 
maxillary palp development. amtemmall length, and head 
shape. At least the first three of these reflect a greater 
adaptation on the part of flavus fier a less subterranean 
existence. From the Great Plams of North America, where 
nearcticus is left behind, westward to tihe Pacific coast and 
beyond across Asia and Europe, fknus displays both a 
wider ecological range and a greater wamiation in each of 
the morphological characters sufioiemt to incorporate the 
nearcticus as well as the easterm flaws traits. In short, 
where flavus overlaps the range of meancricus, it is dis- 
placed to more open habitats. amd its populations display 
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morphological characteristics ammsiated with specializa- 
tion to these habitats. 

A case of character displacement tm actual progress has 
been recorded in fire ants bx Wiikon and Brown (1958b). 
The South American species Walenppsis saevissima was 
introduced into the pert of Medie, Alabama, around 
1918, and in the 1940's Sega.» rapid expansion that was 
to extend its range over most af the southern United States 
by 1970. The species builds ap very dense populations in 
open habitats, but is large æbsent from woodland. 
S. xyloni, a closely related native species which also favors 
open environments, has beem mnaxity eliminated from its 
old range in the southerm Unmixed States in only twenty 
years. S. geminata, on tine oher hand, has been only 
partially displaced by swewiiwima: whereas previously 
geminata occurred im botik epen and woodland environ- 
ments, now it is limited mea to woodland where the 
saevissima do not penetrate. There has been a concurrent 
morphological change um the gminaia population inside 
the saevissima range. Previqusiiv the open environment 
was occupied chiefiy by æ mediäiish color form and the 
woodland by a dark brows: color dorm: with the advent 
of saevissima, the reddish eater form has been mostly 
eliminated. 

The evolutionary phenomemen wf character displace- 
ment may or may not be of general occurrence in social 
insects. It can usually be detected oniy by extensive studies 
of geographic variation and sp fier hax been recorded only 
in several ant genera, imcludime Odontomachus, Rhyti- 
doponera, Pristomyrmex. Salemapsix, and two species 
groups of Lasius. It deserves climeer stady because of the 
likelihood that interspecific competition sets constraints 
not only on the distributiom. ezalaaı.. and morphology of 
particular social insect species. rat wn their social charac- 
teristics as well. A species 1estmatæil a pieces of dead wood 
or some other cramping mesa sie will, by interspecific 
competition, tend to evolve & smaller mature colony size 
and lower its production rate of sexual forms. If the re- 
duction is great enough, à may abandon odor trails as 


. a form of communication. Bixewhere (Wilson, 1959e, 


1961) 1 have presented combined biogeographic and 
ecological evidence suggesting tikes jest such a restriction 
has occurred commonly im the exwiimtion of the Pacific ant 
fauna. 

Once the nest site of am imdiniänal colony has been 
selected, and if the area of its Honaging ground is fixed 
by the colonies in residence mwad it, the productivity 
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of the colony will probably depend on the food yield of 


the territory. It follows that in truly territorial species the 
production rate of new queens in mature colonies will 
increase as a function of the size of the territory, The 
relation has been verified in the two analyses in which 
the proposition has been tested: that of Pontin (1961) on 
Lasius and that of Brian, Hibble, and Kelly (1966) on 


Myrmica. This does not mean that the populations of 


colonies are necessarily food limited. On the contrary, 


Brian (1956b,c) has provided evidence that in the west of 


Scotland the density of colonies is controlled by the den- 
sity of available nest sites. In England as a whole, which 
has only a marginal environment for ants, “nest sites need 
to have high insolation, to be moist but not too wet, to 
be soft enough for excavation but mechanically stable, and 
they need to be within reach of plants to supply sugar 
and water through Homoptera and protein through the 
many small insects that feed on the plants and their litter.” 
The constraining condition of having to nest in a place 
with few plants and yet still be near places with many 
plants is offset by the extreme abundance of insect food 
during the spring and summer. In Brian’s study area in 
western Scotland, much of the land is covered by higher 
vegetation of one form or another. Consequently nest sites 
are in short supply and the ant colonies compete heavily 
for them. When Brian laid out slabs of rocks, which make 
ideal nest sites, in an open, food-rich area populated by 
Myrmica ruginodis, the number of colonies increased. In 
a parallel study, he found that the gradual growth of trees 
in a glade, which increased shading and reduced the num- 
ber of warm, dry nest sites on the ground, resulted in 
a reduction in the number of ant colonies. The same gen- 
eral conclusion was independently drawn by Gösswald 
(1951b) on the basis of his long-term studies of the same 
ant genera in Germany. He pointed, for example, to the 
curious fact that dense ant populations characteristically 
occur around quarries, where fragments of stones lying 
on the ground provide an unusual number of nest sites. 
The abundance of nest sites appears to be a common 
primary control of colony density throughout the social 
insects. It is manifestly the principal factor in the meli- 
ponine bees of tropical America (Moure, Nogueira-Neto, 
and Kerr, 1958), and in ant and termite species that are 
restricted to pieces of dead wood in tropical forests 
(Noirot, 1958-59; Wilson, 1959d). 

Actually, the factors controlling the density of popula- 
tions of social insects are probably what ecologists refer 
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to as intercompensatory. This means that, in a given 
environment at a given time, one factor is usually limiting, 
and, if it werc removed, the population would increase 
until a second factor became limiting, and so on. If nest 
sites became unlimited in a food-rich area, the colony 
density would increase until food became scarce. If food 
were then presented in unlimited amounts, the popula- 
tions would presumably increase until territorial behavior 
(to be sure, centered around smaller territories) stabilized 
the population at a new, still higher level. This simple 
sequence is based on only a few empirical observations, 
mostly those of Brian, and it is speculative when applied 
to social insects as a whole. It is altogether probable that 
other sequences and other factors are at work. It is even 
likely that different populations belonging to the same 
species equilibrate under different schedules of controls. 
One suggestive example has been provided by Medler 
(1957). When he set out nest boxes for bumblebees in 
northern Wisconsin, where these insects are already 
abundant, he found that the population increased, but not 
so in southern Wisconsin, where bumblebees are scarce. 
Medler concluded that in northern Wisconsin nest sites 
are limiting, but that in southern Wisconsin, which is more 
agricultural, food is scarce and sporadic enough to sup- 
plant nest sites as the limiting factor. This whole subject 
invites new experimental work, and the mostly sedentary 
and perennial natures of social insects makes them ideally 
suited for it. 

To return finally to the matter of the determination of 
species diversity, current theory teaches that the number 
of species is a function of the diversification of those 
factors that are primary in controlling population density. 
Climate also plays a role, to be sure. As a rule, the more 
severe and fluctuating the climate, the fewer the species. 
Thus, the only social insects on Iceland are Vespula ger- 
manica and Bombus jouellus, plus one or two introduced 
ants restricted to heated buildings. For equally obvious 
reasons, social wasps, apine bees, and termites are scarce 
in deserts. The degree of geographic isolation is also im- 
portant; Hawaii, for example, has no native species of ants 
or termites. But in most parts of the world that are neither 
greatly isolated nor uncongenial to social insect life the 
number of coexisting species is probably a function of the 
degree to which the population-limiting factors are diver- 
sified. In some environments, for example, the Dutch 
forests analyzed by Westhoff and Westhoff-De Joncheere 
(1942), this means the complexity of the habitat insofar 
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as it determines variation in the kinds of available nest 
sites. In other environments, to a degree yet to be meas- 
ured by any kind of field research, it would mean that 
the variety of available prey and other food items is 
crucial. 


The Dispersal of Colonies 


Despite the great diversity of their species and their 
overwhelming numerical preponderance on all the conti- 
nents of the world, the social insects have seldom been 
able to colonize the oceanic islands. Prior to the arrival 
of man, ants did not range east of Samoa and Tonga in 
the Pacific; nor did they reach the islands of the mid- 
Atlantic (Wilson and Taylor, 1961, 1967). As few as eight 
stocks make up the existing native fauna of New Zealand, 
while the basic fauna of the West Indies is only slightly 
richer (Brown, 1958; Wheeler and Mann, 1914). Almost 
no bee genera containing social species reach New Zea- 
land; the single known exception is a stock belonging to 
Lasioglossum. Native allodapines and apids are absent 
from all of Melanesia and Polynesia east of the Solomon 
Islands as well (Michener, 1965a). A few termite genera, 
mostly members of the relatively primitive Kalotermitidae 
and Rhinotermitidae, have colonized oceanic islands, but 
the vast majority are wholly restricted to the continents 
(Emerson, 1952). 

The limitation in the dispersal ability of these insects 
is rooted in their social way of life. Several specific exam- 
ples will make this relation clear. The American myrmi- 
cine ant Pheidole sitarches conducts mass nuptial flights, 
during which the males form aerial swarms just above 
open spaces in woodland and the queens fly to them to 
acquire a partner. Each queen mates only once. As soon 
as a male alights on her back, she falls to the ground, 
allows the copulation to proceed for a few minutes, then 
rejects the male, sheds her wings, and begins to crawl 
over the ground in search of a nest site (Wilson, 1957). 
As a consequence, each new generation disperses only as 
far as the nuptial swarms can be organized away from 
the parental nests, plus the very short distance walked by 
the dealated queens. In many other ant species the queen 
continues flying after copulation, so that a single individ- 
ual can serve as a propagule to be carried by the wind. 
On small islands in the Florida Keys from which entire 
arthropod faunas were removed by methyl bromide 
fumigation, new ant populations were always started by 
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individual queens who flew or were blown across the water 
(Simberloff and Wilson, 1969). The maximum distances 
that can be covered by such journeys can be inferred from 
other kinds of distributional data on the Florida Keys 
fauna. All of the ten arboreal ant species occurring in 
identical habitats in the vicinity of Key West have dis- 
persed over the 5-mile water gap to the Marquesas group, 
but only one (Pseudomyrmex elongatus) has crossed the 
additional 40 miles to colonize the Dry Tortugas. The fire 
ant Solenopsis saevissima, which spreads by the dissemi- 
nation of mated queens from nuptial flights high in the 
air, extended its range by approximately 5 miles a year 
during the period of maximal expansion in the 1940’s and 
1950’s (Wilson and Brown, 1958b). 

According to Johnson (1966) alate termites appear to 
be specialized for dispersal within a zone of relatively calm 
air near the ground. The observed dispersal distances, 
compiled by Nutting (1969) from the literature and his 
own studies, are accordingly short: Kalotermes flavicollis, 
a few dozen meters; Cryptotermes havilandi, 1-45 m; In- 
cisitermes minor, 120 m; Zootermopsis angusticollis, about 
350 m; Anacanthotermes ochraceus, about 100 m; Reticu- 
litermes lucifugus, 10-200 m; Macrotermes sp., a few kilo- 
meters; Odontotermes angustatus, more than a single kilo- 
meter; Amitermes minimus, several hundred meters. The 
maximum distance reached by individuals in a large 
sample, say of a million or more, has not been measured. 
Harvey (1934) believed that Incisitermes minor alates 
could reach 2 km or farther, and Glick (1939) recovered 
small numbers of alates of Reticulitermes virginicus from 
airplane-towed traps at altitudes of as high as 1,000 m. 
But even if long-distance dispersal were accomplished by 
a very small fraction of the alate population, it is unlikely 
that they would be the source of a new population since 
colonies can be founded only by a cooperating female and 
male. The probability must be very remote that one- 
millionth or even one-thousandth of a population of 
alates, scattered through an arc of terrain many kilometers 
from the parental nests, could locate each other and form 
into bisexual pairs in the brief interval of time before 
predators eliminated them. 

Even more formidable obstacles to long-distance dis- 
persal face the apine bees. Honeybee colonies move from 
place to place in swarms, and new sites are chosen by scout 
bees who communicate the locations through waggle 
dancing. The combination of the two constraints make 
jumps of more than a few kilometers improbable. Meli- 
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ponine bees emigrate to new sites through a still more 
complicated chain of events, consisting of the discovery 
of new sites by scouts, construction of the nests by workers 
who fly back and forth between the old and new sites, 
and, finally, emigration of the newly mated queen. All of 
this usually takes place over a few tens or hundreds of 
meters at most. According to Moure, Nogueira-Neto, and 
Kerr (1958), the known record is held by a colony of 
Trigona (Plebeia) emerina which was introduced into 
Louisiana. It traveled 365 m in an attempt to start a new 
nest in the strange environment. 

In a curious fashion, some ant species have traded 
dispersal ability for potential colony immortality. One of 
the most striking examples is provided by Iridomyrmex 
humilis. In this species there are no clear colony bounda- 
ries; each population is comprised of but one huge, widely 
dispersed colony with a great many relatively small 
queens. Nuptial flights are extremely rare, matings nor- 
mally occur within the nest, and the newly fecundated 
queens stay where they are. Under natural conditions the 
species therefore spreads very slowly. The same combined 
traits—unicolonial or at most weakly multicolonial popu- 
lations, multiple nest queens, and low dispersal rates—are 
shared with Pseudomyrmex “flavidula” (R. Leuthold, per- 
sonal communication), Myrmica ruginodis “subsp. micro- 
gyna” (Brian, 1965b), Formica pallidefulva “incerta” 
(Talbot, 1948), and F. polyctena (Raignier, 1948; Göss- 
“wald, 1951a). An intriguing additional aspect of the 
phenomenon is that each of these species is accompanied 
in at least part of its range by one or more sibling species, 
forms which are extremely similar in morphology but 
contrast strongly in behavior and population charac- 
teristics. They are multicolonial; each colony contains only 
one or a very few, relatively large queens; and the queens 
conduct normal nuptial flights terminating in claustral 
colony foundation. In short, they possess the primitive 
formicid traits. Such pairs (or sets of three or more) of 
unicolonial and multicolonial sibling species may be 
widespread in the ants. Without making any particular 
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search for them, I have noted their apparent presence in 


the Crematogaster minutissima and Formica neorufibarbis 
groups in the United States, and Marikovsky (1963) has 
described what may be still another example in the For- 
mica sanguinea populations of Siberia. Brian’s analysis of 
the Myrmica ruginodis case is the most informative to date. 
He regards the two forms, the multicolonial “macrogyna” 
and the unicolonial “microgyna” as subspecies, but the 
sum of the information he has published about them— 
differences in queen size, life cycle, and habitat prefer- 
ence; different, albeit overlapping, geographical distribu- 
tions; and rejection of microgyna queens by macrogyna 
colonies—strongly suggests that they are in fact distinct 
species. Otherwise, Brian’s evolutionary interpretation of 
the case seems to be sound and might prove applicable 
to the other examples as well. He points out that micro- 
gyna occurs principally in species-poor environments in 
northwestern Britain, while macrogyna occurs widely but 
in scattered localities in species-rich environments to the 
south. In these species-rich environments, the possibility 
of colony and even population-of-colonies extinction 
through competitive exclusion is higher, so that macro- 
gynous queens capable of starting new colonies in tempo- 
rarily vacant sites are needed. Where competitive pressure 
is less, the species can afford to gamble on greater colony 
longevity. Accordingly, the colonies can be fused into 
single units, and newly mated queens can safely return 
to the parental nests. And since colonies are longer lived, 
fewer empty nest sites will be available at any given time, 
making the dissemination of queens away from the pa- 
rental nests less profitable. The result will be a dual pres- 
sure for the unicolonial species to suspend claustral nest 
founding altogether. The adoption of unicolonialism, with 
its increased degree of inbreeding and reliance on budding 
as the principal means of reproduction, is an evolutionary 
step that parallels the adoption of apomixis and vegetative 
reproduction in nonsocial organisms. Both permit the 
rapid growth of populations in habitats that are relatively 
free of competitors but sparsely distributed. 
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When the same parameters and quantitative theory are 
used to analyze both termite colonies and troops of rhesus 
macaques, we will have a unified science of sociobiology. 
Can this really ever happen? As my own studies have 
advanced, I have been increasingly impressed with the 
functional similarities between insect and vertebrate so- 
cieties and less so with the structural differences that seem, 
at first glance, to constitute such an immense gulf between 
them. Consider for a moment termites and macaques. 
Both are formed into cooperative groups that occupy 
territories. The group members communicate hunger, 
alarm, hostility, caste status or rank, and reproductive 
status among themselves by means of something on the 
order of 10 to 100 nonsyntactical signals. Individuals are 
intensely aware of the distinction between groupmates and 
nonmembers. Kinship plays an important role in group 
structure and has probably served as a chief generative 
force of sociality in the first place. In both kinds of society 
there is a well-marked division of labor, albeit with a 
much stronger reproductive component on the part of the 
insects. The details of organization have been evolved by 
an evolutionary optimization process of unknown preci- 
sion, during which some measure of added fitness was 
given to individuals with cooperative tendencies—at least 
toward relatives. The fruits of cooperativeness depend 
upon the particular conditions of the environment and are 
available to only a minority of animal species during the 
course of their evolution. 

From the specialist’s point of view this comparison may 
at first seem facile—or worse. But it is out of such deliber- 
ate oversimplification that the beginnings of a general 
theory are made. The formulation of a theory of socio- 
biology constitutes, in my opinion, one of the great man- 


ageable problems of biology for the next twenty or thirty 
years. Let me try to guess part of its future outline and 
some of the directions in which it is most likely to lead 
animal behavior research. As I suggested in the previous 
chapter on population biology, the evolution of social 
behavior can be fully comprehended only through an 
understanding, first, of demography, which yields the vital 
information concerning population growth and age struc- 
ture, and, second, of the genetic structure of the popula- 
tions, which tells us what we need to know about effective 
population size in the genetic sense, the coefficients of 
relationship within the societies, and the amounts of gene 
flow between them. The principal goal of a general theory 
of sociobiology should be an ability to predict features 
of social organization from a knowledge of these popula- 
tion parameters combined with information on the be- 
havioral constraints imposed by the genetic constitution 
of the species. It will be a chief task of evolutionary ecol- 
ogy, in turn, to derive the population parameters from a 
knowledge of the evolutionary history of the species and 
of the environment in which the most recent portion of 
that history has unfolded. This sequential relation between 
evolutionary studies, ecology, and sociobiology is repre- 
sented in Figure 22-1. 

Notice that the word “theory” is given a special mean- 
ing in this schema. It is conceived as being hypothetico- 
deductive, or neo-Cartesian in nature, which means that 
it is built from models designed explicitly to test and 
extend our basic assumptions. This form of ratiocination 
has, of course, worked exceedingly well in the physical 
sciences and is just now beginning to have an influence 
throughout evolutionary biology. It proceeds roughly in 
three steps: First, empirical knowledge, both actual and 
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FIGURE 22-1. A diagram of the connections that can be 
made between phylogenetic studies, ecology, and sociobiology. 


desired, is organized into concepts which in their most 
desirable form are sets of measured variables. What we 
know, or think we know, is then expressed in precisely 
defined relations among the concepts. These are the pos- 
tulates of our knowledge. In the second step of the hy- 
pothetico-deductive method the consequences of the pos- 
tulates are deduced by means of models. New predictions 
about the real world are thereby contrived, and, in the 
third and final step, they are examined through experi- 
mentation and analysis in order to test and revise the 
original concepts and postulates. The predictions, insofar 
as they can be verified, provide postulates for the next, 
subordinate level of theory. This is the procedure that can 
best be followed to link evolutionary theory and ecology 
to population biology and thence to sociobiology. 
Evolutionary biology is now in the process of building 
fragments of such a theory by approximately the means 
just outlined. The role of historical constraints has been 
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examined by a number of recent authors in, for example, 
the volumes edited by Baker and Stebbins (1965), Wad- 
dington (1968, 1969), and Lewontin (1968). Levins (1968) 
has deliberately set out to develop deductive theories of 
the niche and population genetics in fluctuating environ- 
ments. At the next level, MacArthur and Wilson (1967) 
have derived some of the population parameters and 
linked them to dispersal and distribution, while Hamilton 
(1964) has produced the first comprehensive theory of 
altruistic behavior based on first principles of population 
genetics. An increasing number of experimental biologists 
are devoting themselves to the study of behavioral genet- 
ics, which holds the key to the population consequences 
of behavioral modifiability (Parsons, 1967). The remaining 
lacunae of evolutionary biology are nevertheless wide and 
deep, and relevant experimental investigation is in its 
earliest stages. 

In the future development of sociobiology, the insect 
societies will play a key role. They are so remote in phylo- 
genetic origin from vertebrate societies as to resemble 
creations of some other world. They provide the compar- 
ative material every good theoretical scheme needs. Where 
the theory predicts convergence of a functional trait, its 
validity can be put to a convincingly stringent test by 
comparing insects and vertebrates. It would be appro- 
priate, therefore, to close this brief attempt at prophesy 
by identifying the basic differences that visibly exist, not 
between insects and vertebrates as organisms, but between 
the societies they form. If we exclude man, with his unique 
language and revolutionary capacity for cultural trans- 
mission, the best-organized societies of vertebrates can be 
distinguished by a single trait so overriding in its conse- 
quences that the other characteristics seem to flow from 
it. This is personal recognition among the members of the 
group. As a rule each adult animal knows and bears some 
particular relationship to every other member. Status is 
extremely important. Where dominance hierarchies exist, 
elaborate signaling is employed to implement them. 
Parent-offspring relationships are specific to individuals, 
tightly binding, and relatively long in duration. Within 
primate societies, personal groupings often ascend to the 
level of cliques, and, in the case of the macaques, to 
the “uncle” and “aunt” forms of parental care. Group 
members spend large amounts of their time and energy 
in establishing and maintaining these multifarious per- 
sonal bonds. Associated with the personal form of com- 
munication is a prolonged period of socialization in the 
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young. By constant experience, much of it obtained in the 
form of play, the young animal learns its personal rela- 
tionship to its parents and establishes an early status 
among its age peers. Some division of labor exists: there 
are weakly defined “specialists” in defense, leadership, 
and foraging. But it is not based upon morphologically 
defined castes, and it does not include reproductive 
neuters. 

In contrast, the insect societies are, for the most part, 
impersonal. The small, relatively primitive colonies of 
bumblebees and Polistes wasps are based on dominance 
hierarchies, and individuals appear to recognize one an- 
other to a limited extent. In other kinds of social insects, 
however, personalized relationships play little or no role. 
The sheer size of the colonies and the short life of the 
members combine to make it inefficient, if not impossible, 
to establish individual bonds. The average adult honeybee, 
for example, lives for only about six weeks in the midst 
of a rapidly changing population of up to 80,000 workers. 
The army ant worker has only a few weeks or months to 
become acquainted with a million or more nestmates. In 
the more advanced societies even the relationship of the 
workers to the queen is impersonal. She is “recognized” 
by a small set of pheromones, which can be extracted and 
absorbed into dummy substitutes of inert material. Where 
songbirds have individual calls that are identified by 
territorial neighbors, and mammals use individual scent 
marks, the members of an insect colony employ signals 
that are for the most part uniform throughout the species. 
‘The one known exception is the colony odor, which is 
acquired at least in part from food and nesting material 
and is used to distinguish nestmates, all of them together, 
from members of other colonies. Socialization is minimal 
in insects, and play is apparently absent. 

Yet the insect colony, as a unit, can equal or exceed 
the accomplishments of the nonhuman vertebrate society 
as a unit. One need only think of the giant air-conditioned 
nests of the macrotermitines, the organized foraging ex- 
peditions of the army ants, and the swift recruitment of 
honeybees in response to pheromones and waggle dancing 
to see the strength of this generalization. The insects do 
it with programmed divisions of behavior among castes. 
Their great innovation in evolution was the reproductive 
neuter, which fixed the colony as the unit of natural 
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selection and removed the limits on the amount of caste 
differentiation that could occur among the colony mem- 
bers. Once this happened, it was possible to fashion entire 
organisms to perform difficult, highly specialized tasks and 
to combine them in mixtures capable of matching the feats 
of single vertebrates. Had vertebrates gone the same route, 
the results would have been much more spectacular. The 
individual bird or mammal, possessing a brain vastly 
larger than that of an insect, might have been shaped into 
a comparably better specialist. The vertebrate society then 
could have evolved into an unimaginably more complex, 
efficient unit—at the price, of course, of independent 
action on the part of its members. Vertebrates have instead 
remained chained to the cycle of individual reproduction. 
This forever enhances freedom on the part of the individ- 
ual at the expense of efficiency on the part of society. The 
dilemma of mankind is that technology and population 
growth have propelled us to the point where we could 
perhaps operate better as a society with termite-like 
altruism and regimentation, yet we cannot and must not 
forsake the primate individuality that brought us to the 
threshold of civilization in the first place. 

The optimistic prospect for sociobiology can be sum- 
marized briefly as follows. In spite of the phylogenetic 
remoteness of vertebrates and insects and the basic dis- 
tinction between their respective personal and impersonal 
systems of communication, these two groups of animals 
have evolved social behaviors that are similar in degree 
of complexity and convergent in many important details. 
This fact conveys a special promise that sociobiology can 
eventually be derived from the first principles of popula- 
tion and behavioral biology and developed into a single, 
mature science. The discipline can then be expected to 
increase our understanding of the unique qualities of 
social behavior in animals as opposed to those of man. 
This great attribute, which signifies unbounded wisdom, induces 
us to admire those laws by which providence rules the insect 
societies and reserves to herself their exclusive direction; and it 
shows us that in delivering man to his own guidance, she has 
subjected him to a great and heavy responsibility. If natural 
history only serves to prove this truth, it will have attained the 
most dignified end of which science may boast—that of endeavor- 


ing to ameliorate the human species by the examples it lays before 
us. 


Pierre Huber (1810) 
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Included in this list are some terms used generally in ento- 
mology as well as most of those restricted to insect sociology. 
The glossary was designed to make it possible to read the book 
with no more than an elementary background in biology and, 
specifically, to eliminate the need to refer to textbooks in general 
entomology. 


Active space. The space within which the concentration of a 
pheromone (or any other behaviorally active substance) is at 
or above threshold concentration. The active space of a pher- 
omone is, in fact, the signal itself. 


Aculeate. Pertaining to the Aculeata, or stinging Hymenoptera, 
a group including the bees, ants, and many of the wasps. 


Adoption substance. A secretion presented by a social parasite 
that induces the host insects to accept it as a member of their 
colony. 


Adult transport. The carrying or dragging of one adult social 
insect by a nestmate, usually during colony emigrations. In 
ants, adult transport is a very frequent and stereotyped form 
of behavior. 


Adultoid reproductive. In the higher termites, a supplementary 
reproductive that is a fully developed imago and is thus 
morphologically indistinguishable from the primary repro- 
ductive it replaces. 


Age polyethism. The regular changing of labor roles by colony 
members as they age. 


Aggregation. A group of individuals, comprised of more than 
just a mated pair or a family, that have gathered in the same 
place but do not construct nests or rear offspring in a co- 
operative manner (opposed to colony, q.v.). 


Alarm-defense system. Defensive behavior which also functions 
as an alarm signaling device within the colony. Examples 


include the use by certain ant species of chemical defensive 
secretions that double as alarm pheromones. 


Alarm pheromone. A chemical substance exchanged among 
members of the same species that induces a state of alertness 
or alarm in the face of a common threat. 


Alarm-recruitment system. A communication system that rallies 
nestmates to some particular place to aid in the defense of 
the colony. An example is the odor trail system of lower 
termites, which is used to recruit colony members to the 
vicinity of intruders and breaks in the nest wall. 


Alitrunk. The mesosoma of the higher Hymenoptera, including 
the true thorax and (fused anteriorly to the thorax) the first 
abdominal segment. 


Allodapine. A ceratinine bee belonging to Allodape or one of 
a series of closely related genera, all of which are either 
eusocial or socially parasitic. Excluded from this informal 
taxonomic category is Ceratina, the only other major living 
genus of the tribe Ceratinini. 


Allometric growth. See allometry. 


Allometry. Any size relation between two body parts that can 
be expressed by y = bx*, where a and b are fitted constants. 
In the special case of isometry, a = 1, and the relative pro- 
portions of the body parts therefore remain constant with 
change in total body size. In all other cases (a # 1) the relative 
proportions change as the total body size is varied (see Chap- 
ter 8). 


Altruism. Self-destructive behavior performed for the benefit of 
others. 


Ambrosia. The fungus cultivated by wood-boring scolytoid 
beetles. Sometimes the term is used specifically to designate 
the part of the fungus that grows out into the burrows and 
is eaten by the beetles. 
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Ambrosia beetle. À wood-boring scolytoid beetle that cultivates 
fungus (“ambrosia”) for food (see also fungus-growing 
beetle). 


Antennation. Touching with the antennae. The movement can 
serve as a sensory probe or as a tactile signal to another insect. 


Apiary. A place where honeybees are kept. Specifically, a group 
of hives. 


Appeasement substance. A secretion presented by a social parasite 
that reduces aggression in the host insects and aids the parasite’s 
acceptance by the host colony. 


Apterous neoteinic. In termites, the same as ergatoid repro- 
ductive. 


Army ant. A member of an ant species that shows both nomadic 
and group-predatory behavior. In other words, the nest site 
is changed at relatively frequent intervals, in some cases daily, 
and the workers forage in groups (same as legionary ant). 


Arolium. A cushion-like pad located between the tarsal claws 
and comprising part of the pretarsus. 


Arrhenotoky. The production of males from unfertilized eggs. 


Astelocyttarous. Pertaining to nests, and especially wasp nests, 
in which the comb is attached directly to a support and lacks 
pillars. 


Basitarsus. The proximal or basal segment of the tarsus. 


Batumen. A protective layer of propolis or hard cerumen 
(sometimes vegetable matter, mud, or various mixtures) that 
encloses the nest cavity of a colony of stingless bees. 


Bivouac. The mass of army ant workers within which the queen 
and brood find refuge. 


Blastogenesis. The origin of different caste traits from variation 
in either the ovarian environment of the egg or the nongenetic 
contents of the egg (opposed to genetic control of caste and 
trophogenesis). 


Brachypterous neoteinic. In termites, the same as nymphoid 
reproductive. 


Brood. The immature members of a colony collectively, includ- 
ing eggs, nymphs, larvae, and pupae. In the strict sense eggs 
and pupae are not members of the society, but they are 
nevertheless referred to as part of the brood. 


Brood cell. A special chamber or pocket built to house immature 
stages. 


Budding. The same as colony fission. 


Callow workers. Newly eclosed adult workers whose exoskeleton 
is still relatively soft and lightly pigmented. 
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Calvptodomous. Pertaining to nests. especially wasp nests, in 
which the combs are surrounded by an envelope. 


Caste. Broadly defined, as in ergonomic theory (Chapter 18). 
any set of individuals of a particular morphological type, or 
age group, or both. that performs specialized labor in the 
colony. More narrowly defined. any set of individuals in a 
given colony that are both morphologically distinct and spe- 
cialized in behavior. ` 


Cerumen. A brown mixture of wax and propolis used for nest 
construction by social bees. 


Chain transport. The relaying of food from one worker to 
another in the course of transporting it back to the nest. 


Cladogram. A diagram showing nothing more than the sequence 
in which groups of organisms are interpreted to have origi- 
nated and diverged in the course of evolution. 


Claustral colony founding. The procedure during which queens 
(or royal pairs in the case of termites) seal themselves off in 
cells and rear the first generation of workers on nutrients 
obtained mostly or entirely from their own storage tissues, 
including fat bodies and histolvsed wing muscles. 


Cleprobiosis. The relation in which one species robs the food 
stores or scavenges in the refuse piles of another species, but 
does not nest in close association with it. 


Cleptoparasitism. The parasitic relation in which a female seeks 
out the prey or stored food of another female, usually be- 
longing to a different species, and appropriates it for the 
rearing of her own offspring. 


Colony. A group of individuals, other than a single mated pair, 
which constructs nests or rears offspring in a cooperative 
manner (opposed to aggregation. ¢.v.). 


Colony fission. The multiplication of colonies by the departure 
of one or more reproductive forms. accompanied by groups 
of workers, from the parental nest. leaving behind comparable 
units to perpetuate the “parental” colony. This mode is re- 
ferred to occasionally as hesmosis in ant literature and soci- 
otomy in termite literature. Swarming in honeybees can be 
regarded as a special form of colony fission. 


Colony odor. The odor found on the bodies of social insects 
which is peculiar to a given colony. By smelling the colony 
odor of another member of the same species, an insect is able 
to determine whether it is a nestmate (see nest odor and 
species odor). 


Comb (of cells or cocoons). A laver of brood cells or cocoons 
crowded together in a regular arrangement. Combs are a 
characteristic feature of the nests of many species of social 
wasps and bees. 


Glossary 


Commensalism. Symbiosis in which members of one species are 
benefited while those of the other species are neither benefited 
nor harmed. 


Communal. Applied to the condition or to the group showing 
it in which members of the same generation cooperate in nest 
building but not in brood care. 


Communication. Action on the part of one organism (or cell) 
that alters the probability pattern of behavior in another 
organism (or cell) in an adaptive fashion. 


Compound nest. A nest containing colonies of two or more 
species of social insects, up to the point where the galleries 
of the nests anastamose and the adults sometimes intermingle 
but where the broods of the species are still kept separate 
(see mixed nest). 


Copularium. The first chamber built by a colony-founding cou- 
ple of termites. 


Corpora allata. Paired endocrine organs located just behind the 
brain; the source of juvenile hormone. 


Dealate. Referring to an individual that has shed its wings, 
usually after mating; used both as an adjective and a noun. 


Dealation. The removal of the wings by the queens (and also 
males in the termites) during or immediately following the 
nuptial flight and prior to colony foundation. 


Developmental cycle. The period from the birth of the egg to 
the eclosion of the adult insect (applied to social wasp studies 
by Richards and Richards, 1951). 


Dichthadiiform ergatogyne. A member of an aberrant repro- 
ductive caste, limited to army ants, which is characterized by 
the possession of a wingless alitrunk, a huge gaster, and an 
expanded postpetiole. 


Dimorphism. Jn caste systems, the existence in the same colony 
of two different forms, including two size classes, not con- 
nected by intermediates. 


Diphasic allometry. Polymorphism in which the allometric re- 
gression line, when plotted on a double logarithmic scale, 
“breaks” and consists of two segments of different slopes 
whose ends meet at an intermediate point (see Chapter 8). 


Disc. See imaginal disc. 
Division of labor. See polyethism. 


Dominance hierarchy. The physical domination of some mem- 
bers of a group by other members, in relatively orderly and 
long-lasting patterns. Except for the highest and lowest rank- 
ing individuals, a given member will dominate one or more 
of its companions and be dominated in turn by one or more 
of the others. The hierarchy is initiated and sustained by 
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hostile behavior, albeit sometimes of a subtle and indirect 
nature. 


Dorylophile. An obligatory guest of one of the army ants be- 
longing to the tribe Dorylini. 


Driver ants. African legionary ants belonging to the genus 
Anomma and, less frequently, other members of the tribe 
Dorylini. 


Drone. A male social bee, especially a male honeybee or bum- 
blebee. 


Dulosis. The relation in which workers of a parasitic (dulotic) 
ant species raid the nests of another species, capture brood 
(usually in the form of pupae), and rear them as enslaved 
nestmates. 


Ecitophile. An obligatory guest of one of the army ants belong- 
ing to the tribe Ecitonini, especially of the genus Eciton itself. 


Eclosion. Emergence of the adult (imago) from the pupa; less 
commonly, the hatching of an egg. 


Ectosymbiont. A symbiont that associates with the host colonies 
during at least part of its life cycle in some relationship other 
than internal parasitism. 


Elite. Referring to a colony member displaying greater than 
average initiative and activity. 


Emery’s rule. The rule that species of social parasites are very 
similar to their host species and therefore presumably closely 
related to them phylogenetically. 


Emigration. The movement of a colony from one nest site to 
another. 


Envelope. A sheath of carton or wax surrounding the nest of 
a social insect, especially that of a social wasp. 


Epigaeic. Living, or at least foraging, primarily above ground 
(opposed to hypogaeic). 


Epinotum. See propodeum. 


Ergatogyne. Any form morphologically intermediate between 
the worker and the queen. 


Ergatoid male. See ergatomorphic male. 


Ergatoid reproductive. A supplementary reproductive termite 
without a trace of wing buds, usually larval in external form, 
and with a distinctively rounded head (same as third-form 
reproductive, tertiary reproductive, and apterous neoteinic). 


Ergatomorphic male. An individual with normal male genitalia 
and a worker-like body. 


Ergonomics. The quantitative study of work, performance, and 
efficiency. 
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Ethocline. A series of different behaviors observed among re- 
lated species and interpreted to represent stages in a single 
evolutionary trend. 


Eusocial. Applied to the condition or to the group possessing 
it in which individuals display all of the following three traits: 
cooperation in caring for the young; reproductive division of 
labor, with more or less sterile individuals working on behalf 
of individuals engaged in reproduction; and overlap of at 
least two generations of life stages capable of contributing 
to colony labor. This is the formal equivalent of the expres- 
sions “truly social” or “higher social” which are commonly 
used with less exact meaning. 


Exploratory trail. An odor trail laid more or less continuously 
by the advance workers of a foraging group. This kind of 
communication is used regularly by army ants (opposed to 
recruitment trail). 


Exudatoria. Finger-like appendages found on the larvae of 
certain ant species and on a variety of termitophiles. Accord- 
ing to the hypothesis of W. M. Wheeler (see Chapter 14) the 
exudatoria produce secretions attractive to the ant or termite 
workers. 


Facilitation. The same as social facilitation; see under group 
effect. 


First-form reproductive. See primary reproductive. 
Formicarium. Same as formicary. 


Formicary. A nest of ants. The term is also commonly applied 
to an ant mound or an artificial nest used in the laboratory 
to house ants. 


Fungus-growing beetle. Any beetle that utilizes symbiotic fungi 
for food. The term applies not only to the “ambrosia beetles” 
of the Scolytoidea but also to certain bark-inhabiting scolytids 
and other kinds of beetles (some Anobiidae, Curculionidae, 
etc.) that are associated with symbiotic fungi. 


Gaster. A special term occasionally applied to the metasoma, 
or terminal major body part, of ants. 


Genus. A set of similar species of relatively recent common 
ancestry. 


Gongylidium. A swollen hyphal tip of the symbiotic fungi cul- 
tured by attine ants. The ants pick the gongylidia as food. A 
group of gongylidia is referred to as a staphyla. 


Grooming. The licking of the body surfaces of nestmates. Self- 
grooming also occurs, in which individuals clean their own 
bodies both by licking and stroking with the legs. 


Group effect. An alteration in behavior or physiology within a 
species brought about by signals that are directed in neither 
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space nor time. A simple example is social facilitation, in 
which there is an increase of an activity merely from the sight 
or sound (or other form of stimulation) coming from other 
individuals engaged in the same activity. 


Group-predation. The hunting and retrieving of living prey by 
groups of cooperating animals. A behavior pattern best de- 
veloped in army ants. 


Guest. A social symbiont. ` 


Gymnodomous. Pertaining to nests, especially wasp nests, that 
lack an envelope. 


Gynandromorph. An individual containing patches of both male 
and female tissue. 


Gynergate. A female containing patches of tissue of both the 
queen and worker castes. 


Haplodiploidy. The mode of sex determination in which males 
are derived from haploid eggs and females from diploid eggs. 


Harvesting ants. Ant species that store seeds in their nests. Many 


taxonomic groups have developed this habit independently 
in evolution. 


Hemimetabolous. Undergoing development which is gradual and 
lacks a sharp separation into larval, pupal, and adult stages. 
Termites, for example, are hemimetabolous (opposed to 
holometabolous). 


Hesmosis. Same as colony fission. 
Heterogony. Same as allometry. 
Hive aura. See nest odor. 

Hive odor. See nest odor. 


Holometabolous. Undergoing a complete metamorphosis during 
development, with distinct larval, pupal, and adult stages. The 
Hymenoptera, for example, are holometabolous (opposed to 
hemimetabolous). 


Homeostasis. The maintenance of a steady state, especially a 
physiological or social steady state, by means of self-regula- 
tion through internal feedback responses. 


Homopteran. A member of, or pertaining to, the insect order 
Homoptera, which includes the aphids, jumping plant lice, 
treehoppers, spittlebugs, whiteflies, and related groups. 


Honeybee. A member of the genus Apis. Unless qualified other- 
wise, a honeybee is more particularly a member of the do- 
mestic species A. mellifera, and the term is usually applied 
to the worker caste. 


Honey pot (honeypot). A container made by stingless bees or 
bumblebees from soft cerumen and used to store honey. 
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Hornet. A large wasp of the family Vespinae, particularly a 
member of the genus Vespa or (in the United States) the 
bald-faced hornet Vespula (Dolichovespula) maculata. 


Hypogaeic. Living primarily underground (subterranean) or at 
least beneath cover such as leaf litter, stones, and dead bark 
(cryptobiotic). 


Imaginal disc. A relatively undifferentiated tissue mass occurring 
in the body of a larva which is destined to develop later into 
an adult organ. 


Imago. The adult insect. In termites, the term is usually applied 
only to adult primary reproductives. 


Ingluvial. Pertaining to the crop, the distensible middle portion 
of the foregut in which (in many species) liquid food is stored. 


Inquilinism. The relation in which a socially parasitic species 
spends the entire life cycle in the nests of its host species. 
Workers are either lacking or, if present, are usually scarce 
and degenerate in behavior. This condition is sometimes 
referred to loosely as “permanent parasitism.” 


Insect society. In the strict sense, a colony of eusocial insects 
(ants, termites, eusocial wasps, or bees). In the broad sense 
adopted in this book, any group of presocial or eusocial 
insects. 


Insect sociology (insect sociobiology). The study of social behav- 
ior and population characteristics related to social behavior 
in insects. 


Instar. Any period between molts during the course of develop- 
ment. 


Involucrum. A sheath of soft cerumen surrounding the brood 
chamber in a nest of stingless bees (Meliponini). 


Isometry. The condition in which the sizes of two body parts 
remain constant relative to each other as total body size is 
increased (isometry is a special case of allometry, q.v.). 


Labium. The lower “lip,” or lowermost mouthpart-bearing 
segment of insects, located just below the mandibles and the 
maxillae. 


Larva. An immature stage which is radically different in form 
from the adult; characteristic of the holometabolous insects, 
including the Hymenoptera. In the termites, the term is used 
in a special sense to designate an immature individual without 
any external trace of wing buds or soldier characteristics. 


Legionary ant. See army ant. 


Lestobiosis. The relation in which colonies of a small species 
nest in the walls of the nests of a larger species and enter 
the chambers of the larger species to prey on brood or to rob 
the food stores. 
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Macrocephalic female. In the social halictine bees, a larger 
female possessing a disproportionately large head. Such indi- 
viduals are usually the egg layers of the colony. 


Major worker. A member of the largest worker subcaste, espe- 
cially in ants. In ants the subcaste is usually specialized for 
defense, so that an adult belonging to it is often also referred 
to as a soldier (see media worker and minor worker). 


Mandibulate soldier. A soldier which has large mandibles used 
in colony defense. 


Mass communication. The transfer of information among groups 
of individuals of a kind that cannot be transmitted from a 
single individual to another. Examples include the spatial 
organization of army ant raids, the regulation of numbers of 
worker ants on odor trails, and certain aspects of the thermo- 
regulation of nests. 


Mass provisioning. The act of storing all of the food required 
for the development of a larva at the time the egg is laid 
(opposed to progressive provisioning). 


Media worker. In polymorphic ant series involving three or more 
worker subcastes, an individual belonging to the medium- 
sized subcaste(s) (see minor worker and major worker). 


Melittology. The scientific study of bees. 


Melittophile. An organism that must spend at least part of its 
life cycle with bee colonies. 


Mesosoma. The middle of the three major divisions of the insect 
body. In most insects it is the strict equivalent of the thorax, 
but in higher Hymenoptera it includes the propodeum. 


Metasoma. The hindmost of the three principal divisions of the 
insect body. In most insect groups it is the strict equivalent 
of the abdomen. In the higher Hymenoptera it is composed 
only of some of the abdominal segments, since the first seg- 
ment (the “propodeum”) is fused with the thorax and has 
therefore become part of the mesosoma. 


Minima. In ants, a minor worker. 


Minor worker. A member of the smallest worker subcaste, 
especially in ants. Same as minima (see media worker and 
major worker). 


Mixed nest. A nest containing colonies of two or more species 
of social insects, in which mixing of both the adults and brood 
occurs (see compound nest). 


Molt (moult). The casting off of the outgrown skin or exoskele- 
ton in the process of growth. Also the cast-off skin itself. The 
word is further used as an intransitive verb to designate the 
performance of the behavior. 
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Monogyny. The existence of only one functional queen in the 
nest (opposed to polygyny). 


Monomorphism. The existence within a species or colony of only 
a single worker subcaste. 


Monophasic allometry. Polymorphism in which the allometric 
regression line has a single slope: in ants the use of the term 
also implies that the relation of some of the body parts 
measured is nonisometric (see Chapter 8). 


Mound nest. A nest at least part of which is constructed of a 
mound of soil or carton material that projects above the 
ground surface. The architecture of the mound is often elab- 
orate, specific in plan to the species. and evidently adapted 
to contribute to microclimate control within the nest. 


Multicolonial. Pertaining to a population of social insects which 
is divided into colonies that recognize nest boundaries (op- 
posed to unicolonial). 


Mutualism. Symbiosis that benefits the members of both of the 
participating species. 


Mycangium. Any one of a variety of special pocket-shaped 
receptacles used to carry symbiotic fungi. Found in the scoly- 
toid beetles. 


Myrmecioid complex. One of the two major taxonomic groups 
of ants; the name is based on the subfamily Myrmeciinae. 
one of the constituent taxa. It should not be confused with 
the subfamily Myrmicinae. which belongs to the poneroid 
complex (see Chapter 4). 


. Myrmecodomatia. Structures of higher plants that appear to have 
evolved, in the course of mutualistic evolution, to serve as 
dwelling places for ants. 


Myrmecology. The scientific study of ants. 


Myrmecophile. An organism that must spend at least part of its 
life cycle with ant colonies. 


Myrmecophytes. Higher plants that live in obligatory, mutualistic 
relationship with ants. 


Nanitic worker. The dwarf workers produced from either the 
first ant broods or later ant broods that have been subjected 
to starvation. Nanitic workers occur in both monomorphic 
and polymorphic species. 


Nasus. The snout-like organ possessed by soldiers of some 
species in the Nasutitermitinae. The nasus is used to eject 
poisonous or sticky fluid at intruders. 


Nasute soldier. A soldier termite possessing a nasus (q.v.). 


Necrophoresis. Transport of dead members of the colony away 
from the nest. 
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Necrophoric behavior. Same as necrophoresis. 


Neoteinic. A supplementary reproductive termite. Used either 
as a noun or as an adjective (e.g. neoteinic reproductive). 


Nest odor. The distinctive odor of a nest. bv which its inhabitants 
are able to distinguish the nest from those belonging to other 
colonies or at least from the surrounding environment. In 
some cases the insects. e.g., honeybees and some ants, can 
orient toward the nest by means of the odor. It is possible 
that the nest odor is the same as the colony odor (ge) in 
some cases. The nest odor of honevbees is often referred to 
as the hive aura or hive odor. 


Nest parasitism. The relation, found in some termites, in which 
colonies of one species live in the walls of the nests of a 
second, host species and feed directly on the carton material 
of which they are constructed. 


Nest robbing. Same as cleptobiosis. 


Nomadic phase. The period in the activity cvele of an army ant 
colony during which the colony forages more actively for food 
and moves frequently from one bivouac site to another. At 
this time the queen does not lay eggs. and the bulk of the 
brood is in the larval stage (opposed to statarv phase.) 


Nomadism. The relatively frequent movement by an entire 
colony from one nest site to another. 


Nuptial flight. The mating flight of the winged queens and males. 


Nymph. In general entomology, the young stage of any insect 
species with hemimetabolous development. In termites, the 
term is used in a slightly more restricted sense to designate 
immature individuals which possess external wing buds and 
enlarged gonads and which are capable of developing into 
functional reproductives by further molting. 


Nymphoid reproductive. A supplementary reproductive termite 
bearing wing buds (same as second-form reproductive, sec- 
ondary reproductive, and brachypterous neoteinic). 


Ocellus. One of the three simple eves of adult insects, located 
on or near the center line of the dorsal surface of the head. 
The ocelli should be distinguished from the laterally placed 
compound eves. 


Odor trail. A chemical trace laid down by one insect and fol- 
lowed by another. The odorous material is referred to either 
as the trail pheromone or the trail substance. 


Oligogyny. The occurrence in a single colony of from two to 
several functional queens. A special case of polvgyny. 


Ommatidium. One of the basic visual units of the insect com- 
pound eve. The ommatidia are bounded externally by the 
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facets that together make up the glassy, rounded outer surface 
of the eye. 


Oophagy. Egg cannibalism; the eating by a colony member of 
its own eggs or those laid by a nestmate. 


Ovariole. One of the egg tubes which, together, form the ovary 
in female insects. 


Palpation. Touching with the labial or maxillary palps. The 
movement can serve as a sensory probe or as a tactile signal 
to another insect. 


Parabiosis. The utilization of the same nest and sometimes even 
the same odor trails by colonies of different species, which 
nevertheless keep their brood separate. 


Parasitism. Symbiosis in which members of one species exist 
at the expense of members of another species, usually without 
going so far as to cause their deaths. 


Parasitoid. A parasite that slowly kills the victim, this event 
occurring near the end of the parasite’s larval development. 
The term is also used as an adjective. 


Parasocial. See presocial. 


Parecium. The air space surrounding the fungus garden in the 
nest of a macrotermitine termite. 


Partially claustral colony founding. The procedure during which 
the queen founds the colony by isolating herself in a chamber 
but still occasionally leaves to forage for part of her food 


supply. 

Patrolling. The act of investigating the nest interior. Worker 
honeybees are especially active in patrolling and are thereby 
quick to respond as a group to contingencies when they arise 
in the nest (see Chapter 9). 


Pedicel. The “waist” of the ant. It is made up of either one 
segment (the petiole) or two segments (the petiole plus the 
postpetiole). 


Permanent social parasitism. See inquilinism. 


Petiole. The first segment of the “waist” of aculeate Hymen- 
optera; this is, in fact, the second abdominal segment since 
the first abdominal segment (propodeum) is fused to the 
thorax. 


Pheromone. A chemical substance, usually a glandular secretion, 
which is used in communication within a species. One indi- 
vidual releases the material as a signal and another responds 
after tasting or smelling it. 


Phragmocyttarous. Pertaining to nests, and especially wasp nests, 
in which combs are attached laterally to the inner surface of 
a bag-like envelope. 
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Phragmosis. The condition in which the head or tip of the 
abdomen is truncated and is used as a living plug for the nest 
entrance. Occurs in ants and termites, usually in the soldier 
caste. 


Physogastry. The swelling of the abdomen to an unusual degree 
due to the hypertrophy of fat bodies, ovaries, or both. 


Piping. The sound emitted by young honeybee queens after their 
emergence. It induces return calls (“quacking”) from other 
virgin queens still in the royal cells and stimulates swarming — 
behavior by the workers. 


Pleometrosis. Same as polygyny (q.v.). 


Plesiobiosis. The close proximity of two or more nests, accom- 
panied by little or no direct communication between the 
colonies inhabiting them. 


Pollen pot. A container made by stingless bees from soft ceru- 
men and used to store pollen. 


Pollen-storers. Bumblebee species that store pollen in aban- 
doned cocoons. From time to time the adult females remove 
the pollen from the cocoons and feed it into a larval cell in 
the form of a liquid mixture of pollen and honey (opposed 
to pouch-makers). 


Polydomous. Pertaining to single colonies that occupy more than 
one nest. 


Polyethism. Division of labor among members of a colony. In 
social insects a distinction can be made between caste poly- 
ethism, in which morphological castes are specialized to serve 
different functions, and age polyethism, in which the same 
individual passes through different forms of specialization as 
it grows older. 


Polygyny. The coexistence in the same colony of two or more 
egg-laying queens. When multiple queens found a colony 
together, the condition is referred to as primary polygyny. 
When supplementary queens are added after colony founda- 
tion, the condition is referred to as secondary polygyny. The 
coexistence of only two or several queens is sometimes called 
oligogyny (opposed to monogyny). 


Polymorphism. In social insects, the coexistence of two or more 
functionally different castes within the same sex. In ants it 
is possible to define polymorphism somewhat more precisely 
as the occurrence of nonisometric relative growth occurring 
over a sufficient range of size variation within a normal 
mature colony to produce individuals of distinctly different 
proportions at the extremes of the size range. 


Poneroid complex. One of the two major taxonomic groups of 
ants; the name is based on the subfamily Ponerinae, one of 
the constituent taxa (see Chapter 4). 


Glossary 


Postpetiole. In certain ants, the second segment of the “waist.” 
This is in fact the third abdominal segment, since the first 
abdominal segment (propodeum) is fused to the thorax. 


Pouch-makers. Bumblebee species that build special wax 
pouches adjacent to groups of larvae and fill them with pollen 
(opposed to pollen-storers). 


Presocial. Applied to the condition or to the group possessing 
it in which individuals display some degree of social behavior 
short of eusociality. Presocial species are either subsocial, i.e., 
the parents care for their own nymphs and larvae, or else 
parasocial, i.e., one or two of the following three traits are 
shown: cooperation in care of young, reproductive division 
of labor, overlap of generations of life stages that contribute 
to colony labor. 


Pretarsus. The terminal segment of the leg, consisting usually 
of a pair of lateral claws and the arolıum. 


Primary reproductive. In termites, the colony-founding type of 
queen or male derived from the winged adult. 


Proctodeum. The hindgut and Malpighian tubules of an insect. 


Progressive provisioning. The act of providing the larva with 
meals at intervals during its development (opposed to mass 
provisioning). 


Propodeum. In higher Hymenoptera, the first abdominal seg- 
ment when it is fused with the alitrunk. Same as epinotum. 


Propolis. A collective term for the resins and waxes collected 
by bees and brought to their nests for use in construction and 
in sealing fissures in the nest wall. 


Pseudergate. A special caste found in the lower termites, com- 
prised of individuals who have either regressed from nymphal 
stages by molts that reduced or eliminated the wing buds, 
or else were derived from larvae by undergoing nondifferen- 
tiating molts. Pseudergates serve as the principal elements of 
the “worker” caste, but remain capable of developing into 
other castes by further molting. 


Pterothorax. The wing-bearing portion of the thorax of winged 
insects, i.e., the meso- and metathorax. 


Pupa. The inactive instar of the holometabolous insects (in- 
cluding the Hymenoptera) during which development into the 
final adult form is completed. 


Quacking. The calls emitted by virgin honeybee queens in their 
cells in response to the “piping” sounds of the first virgin 
queen to emerge in the same hive. 


Quasisocial. Applied to the condition or to the group showing 
it in which members of the same generation use the same 
composite nest and cooperate in brood care. 
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Queen. A member of the reproductive caste in semisocial or 
eusocial species. The existence of a queen caste presupposes 
the existence also of a worker caste at some stage of the 
colony life cycle. Queens may or may not be morphologically 
different from workers. 


Queen control. The inhibitory influence of the queen on the 
reproductive activities of the workers and other queens. 


Queenright. Referring to a colony, especially a honeybee colony, 
that contains a functional queen. 


Queen substance. Originally, the set of pheromones by which 
the queen honeybee continuously attracts and controls the 
reproductive activities of the workers. Nowadays the term is 
commonly used in a narrower sense to designate trans-9- 
keto-2-decenoic acid, the most potent component of the 
pheromone mixture. In the present book it is suggested that 
it be defined more broadly in line with the original usage as 
any pheromone or set of pheromones used by a queen to 
control the reproductive behavior of the workers or other 
queens. 


Recruitment trail. An odor trail laid by a single scout worker 
and used to recruit nestmates to a food find, a desirable new 
nest site, a breach in the nest wall, or some other place where 
the assistance of many workers is needed (opposed to explora- 
tory trail). 


Relative growth. The relative increase of one body part with 
respect to another as total body size is varied. Allometry (q.v.) 
is a special form of relative growth. 


Replacement reproductive. Same as supplementary reproductive. 


Replete. An individual ant whose crop is greatly distended with 
liquid food, to the extent that the abdominal segments are 
pulled apart and the intersegmental membranes are stretched 
tight. Repletes usually serve as living reservoirs, regurgitating 
food on demand to their nestmates. 


Retinue. A group of workers, not necessarily permanent or even 
long lasting in composition, who closely attend the queen. 


Royal cell. In honeybees, the large, pitted, waxen cell con- 
structed by the workers to rear queen larvae. In some species 
of termites, the special cell in which the queen is housed. 


Royal jelly. A material supplied by workers to female larvae 
in royal cells which is necessary for the transformation of 
larvae into queens. Royal jelly is secreted primarily by the 
hypopharyngeal glands and consists of a rich mixture of 
nutrient substances, many of them possessing a complex 
chemical structure (see worker jelly). 


Sclerite. A portion of the body wall bounded by sutures. 


Glossary 


Secondary reproductive. In termites, the same as nymphoid 
reproductive. 


Second-form reproductive. In termites, the same as nymphoid 
reproductive. 


Self-grooming. See grooming. 


Semisocial. Applied to the condition or to the group showing 
it in which members of the same generation cooperate in 
brood care and there is also a reproductive division of labor, 
ie., some individuals are primarily egg layers and some are 
primarily workers. 


Sensillum. In insects, a simple sense organ or one of the struc- 
tural units of a compound sense organ. 


Slavery. Same as dulosis. 
Social facilitation. See under group effect. 


Social homeostasis. The maintenance of steady states at the level 
of the society either by control of the nest microclimate or 
by the regulation of the population density, behavior, and 
physiology of the group members as a whole. 


Social insect. In the strict sense, a “true social insect” is one 
that belongs to a eusocial species; in other words, it is an ant, 
a termite, or one of the eusocial wasps or bees. In the broad 
sense, a “social insect” is one that belongs to either a presocial 
or eusocial species. 


Social parasitism. The coexistence in the same nest of two 
species of social insects, of which one is parasitically depend- 
ent on the other. The term can also be applied loosely to the 
relation between symphiles and their social insect hosts. 


Society. A group of individuals belonging to the same species 
and organized in a cooperative manner. Some amount of 
reciprocal communication among the members is implied. 


Sociobiology. The study of all aspects of communication and 
social organization. 


Sociotomy. Same as colony fission. 


Soldier. A member of a worker subcaste specialized for colony 
defense. 


Species odor. The odor found on the bodies of social insects 
which is peculiar to a given species. It is possible that the 
species odor is merely the less distinctive components of a 
larger mixture comprising the colony odor (q.v.). 


Sphecology. The scientific study of wasps. 


Sphecophile. An organism that must spend at least part of its 
life cycle with wasp colonies. 
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Staphyla. A group of gongylidia, the swollen hyphal tips pro- 
duced by fungi that live in symbiosis with attine ants. 


Statary phase. The period in the activity cycle of an army ant 
colony during which the colony is relatively quiescent and 
does not move from site to site. At this time the queen lays 
the eggs and the bulk of the brood is in the egg and pupal 
stages (opposed to nomadic phase). 


Stelocyttarous. Pertaining to nests, and especially wasp nests, 
in which the combs are attached to the support by pillars. 


Sternite. A ventral sclerite; in other words, a portion of the body 
wall bounded by sutures and located in a ventral position 
(opposed to tergite). 


Stigmergy. The guidance of work performed by individual 
colony members by the evidences of work previously accom- 
plished rather than by direct signals from nestmates. 


Stingless bee. A bee belonging to the apine tribe Meliponini. 


Stochastic theory of mass behavior. The theory that transition 
probabilities in the behavior of individual social insects are 
programmed to produce optimal mass responses of the colony 
as a whole, that the probabilities have been determined by 
selection at the colony level, and that they represent a sensi- 
tive adaptation to the particular environmental conditions in 
which the species has existed during recent evolutionary time. 


Stomodeum. The foregut of an insect. 


Storage pots. Containers made of soft cerumen for the storage 
of food in the nests of social bees. Some of the pots con- 
structed by meliponine bees contain only honey (honey pots) 
and others only pollen (pollen pots). 


Straight run. The middle run made by a honeybee worker 
during the waggle dance and the element that contains most 
of the symbolical information concerning the location of the 
target outside the hive. The dancing bee makes a straight run, 
then loops back to the left (or right), then makes another 
straight run, then loops back in the opposite direction, and 
so on—the three basic movements together form the charac- 
teristic figure-eight pattern of the waggle dance. 


Stridulation. The production of sound by rubbing one part of 
the body surface against another. 


Strigilation. The licking of secretions from the body of another 
animal. 


Subsocial. Applied to the condition or to the group showing it 
in which the adults care for their nymphs or larvae for some 
period of time (see also presocial). 


Superorganism. Any society, such as the colony of a eusocial 
insect species, possessing features of organization analogous 
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to the physiological properties of a single organism. The insect 
colony, for example, is divided into reproductive castes 
(analogous to gonads) and worker castes (analogous to so- 
matic tissue), it may exchange nutrients by trophallaxis 
(analogous to the circulatory system), and so forth. 


Supersedure. In honeybees, the replacement of the resident 
queen, usually an old or sickly individual, with a new queen 
reared by the workers. The process is distinct from colony 
multiplication by swarming. 


Supplementary reproductive. A queen or male termite that takes 
over as the functional reproductive after the removal of the 
primary reproductive of the same sex. Supplementary repro- 
ductives are adultoid, nymphoid, or ergatoid in form (q.v.). 


Surface pheromone. A pheromone with an active space restricted 
so close to the body of the sending organism that direct 
contact, or something approaching it, must be made with the 
body in order to perceive the pheromone. Examples include 
the colony odors of many species. 


Swarming. In honeybees, the normal method of colony repro- 
duction, in which the queen and a large number of workers 
depart suddenly from the parental nest and fly to some ex- 
posed site. There they cluster while scout workers fly in search 
of a suitable new nest cavity. In ants and termites, the term 
“swarming” is often applied to the mass exodus of reproductive 
forms from the nests at the beginning of the nuptial flight. 


Symbiont. An organism that lives in symbiosis with another 
species. 


. Symbiosis. The intimate, relatively protracted, and dependent 
relationship of members of one species with those of another. 
The three principal kinds of symbiosis are commensalism, 
mutualism, and parasitism (q.v.). 


Symphile. A symbiont, in particular a solitary insect or other kind 
of arthropod, which is accepted to some extent by an insect 
colony and communicates with it amicably. Most symphiles are 
licked, fed, or transported to the host brood chambers, or 
treated to a combination of these actions. 


Synechthran. A symbiont, usually a scavenger, a parasite, or a 
predator, which is treated with hostility by the host colony. 


Synoekete. A symbiont that is treated with indifference by the 
host colony. 


Tandem running. A form of communication, used by the workers 
of certain ant species during exploration or recruitment, in 
which one individual follows closely behind another, fre- 
quently contacting the abdomen of the leader with its anten- 
nae. 
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Tarsation. Touching with the tarsi, especially the touching of 
another insect as a tactile signal. 


Tarsus. The foot of an insect, the one- to five-segmented ap- 
pendage attached to the tibia, or lower leg segment. 


Temporal polyethism. Same as age polyethism (q.v.). 


Temporary social parasitism. Parasitism in which a queen of one 
species enters an alien nest, usually belonging to another 
species, kills or renders infertile the resident queen, and takes 
her place. The population of the colony then becomes increas- 
ingly dominated by the offspring of the parasite queen as the 
host workers die off from natural causes. 


Tergite. A dorsal sclerite; in other words, a portion of the body 
wall bounded by sutures and located in a dorsal position 
(opposed to sternite). 


Termitarium. A termite nest. Also, an artificial nest used in the 
laboratory to house termites. 


Termitology. The scientific study of termites. 


Termitophile. An organism that must spend at least part of its 
life cycle with termite colonies. 


Tertiary reproductive. In termites, the same as ergatoid repro- 
ductive. 


Thelytoky. The production of females from unfertilized eggs. 


Third-form reproductive. In termites, the same as ergatoid re- 
productive. 


Trail parasitism. See trophic parasitism. 


Trail pheromone. A substance laid down in the form of a trail 
by one animal and followed by another member of the same 
species. 


Trail substance. Same as trail pheromone. 


Trichome. A tuft of long, often yellow or golden hairs associated 
with glandular areas on the body surfaces of many myrmeco- 
philous beetles. The hairs are believed to aid in the dissemi- 
nation of attractants. 


Triphasic allometry. Polymorphism in which the allometric 
regression line, when plotted on a double logarithmic scale, 
“breaks” at two points and consists of three segments. In ants, 
the two terminal segments usually have slight to moderately 
high slopes and the middle segment has a very high slope 
(see Chapter 8). 


Trophallaxis. The exchange of alimentary liquid among colony 
members and guest organisms, either mutually or unilaterally. 
In stomodeal trophallaxis the material originates from the 
mouth; in proctodeal trophallaxis it originates from the anus. 


Glossary 


Trophic egg. An egg, usually degenerate in form and inviable, 
which is fed to other members of the colony. 


Trophic parasitism. The intrusion of one species into the social 
system of another, as, for example, by utilization of the trail 
system, in order to steal food. 


Trophogenesis. The origin of different caste traits from differen- 
tial feeding of the immature stages (opposed to genetic control 
of castes and blastogenesis). 


Unicolonial. Pertaining to a population of social insects in which 
there are no behavioral colony boundaries (opposed to multi- 
colonial). 


Waggle dance. The dance whereby workers of various species 
of honeybees (genus Apis) communicate the location of food 
finds and new nest sites. The dance is basically a run through 
a figure-eight pattern, with the middle, transverse line of the 
eight containing the information about the direction and 
distance of the target (see Chapter 13). 
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Worker. A member of the nonreproductive, laboring caste in 
semisocial and eusocial species. The existence of a worker 
caste presupposes the existence also of royal (reproductive) 
castes. In termites, the term is used in a more restricted sense 
to designate individuals in the family Termitidae which com- 
pletely lack wings and have reduced pterothorax, eyes, and 
genital apparatus. 


Worker jelly. A secreted material supplied by workers to larvae 
in regular brood cells that causes the larvae to develop into 
workers (see royal jelly). 


Xenobiosis. The relation in which colonies of one species live 
in the nests of another species and move freely among the 
hosts, obtaining food from them by regurgitation or other 
means but still keeping their brood separate. 


Yellow jacket (yellow-jacket or yellowjacket). In the United 
States, any one of a number of ground-nesting, light-colored 
wasps of the genus Vespula. 
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Amitermitinae, 114, 185, 194-195 

ammonia, 282 

Ammophila, 22, 220 

Amorphocephalus, 285, 397, 402, 415 

Amphotis, 390-391, 396, 402, 414 

Anacanthotermes, 348, 456 

anal gland, 235-236, 238, 240 

anal trophallaxis, see trophallaxis 

Anatole, 398 

Ancistrotermes, 118 

Ancyridris, 437 

Anderson, E. J., 307 

Andrena, 100, 274 

Andrenidae, 100 

Andrews, E. A., 244, 275, 312-313, 439, 444 

Andries, Maria, 399 

Androeuryops, 399 

Andromma, 392 

Anelosimus, 131-132 

Anergates, 138, 353, 358, 374-376 

Anergatides, 353, 359, 374 

Aneuretinae, 28, 33, 284 

Anisandrus, 127 

Anobiidae, 127 

Anoetidae, 392 

Anomma, 1, 65, 69-72, 137, 140, 141, 159, 210 
406, 436, 447 

Anommatocoris, 394 

Anoplolepis, 355, 364, 451-452 

Anoplotermes, 184, 262, 399 


’ 


ant gardens, see gardens: parabiosis: Attini 

ant plants, 48-55 

antbirds, 58-59 

antenna, 204-207, 222, 242; larval, 283: as re- 
leaser, 291, 409; social parasites, 374 

antennal “language,” 242, 291-292, 406 

antennation, communication, 122, 242, 290- 
291, 406 

Antennequesoma, 401 

Antennophoridae, 392 

Antennophorus, 414 

Antherophagus, 396 

Anthidium, 100 

Anthomyiidae, 399, 408 

Anthophoridae, 381, 438 

Anthophorinae, 274 

ants, 27-74; caste, 136-165, 222-223: classifi- 
cation, 28-30, 32-34; colony odor, 272, 
275-277; colony size, 436-438: competition, 
447-456; culturing, 34-35; dispersal, 456: 
evolutionary origin, 31-32; grooming, 293- 
294; mental capacity, 215-224; origin, so- 
cieties, 72-74; as pollinators, 50; as preda- 
tors, 1, 337, 442, 447, see also predation: 
sensory physiology, 209-215; social symbio- 
sis, 349-377; as soil movers, l; survivor- 
ship. 426, 429, 440: thermoregulation, 
310-315; trails, 224-226, 249-258; trans- 
port, 261-263; warfare, 451-452 

Anurogryllus, 122-123, 281 

Aphaenogaster, 147, 239, 246, 276, 325, 332, 
352, 395, 397, 429, 436-437, 442, 445 

aphids (Aphididae), 394, 419-423 

Aphis, 421, 423 

Aphomia, 398 

Apicotermes, 231-232, 439, 445 

Apinae, see Apis, Meliponini 

Apis, 94-98, 171-178, 222, 392, 434. See also 

. species listed below 

Apis dorsata, 95-96 

Apis florea, 95, 266 

Apis indica, 95 

Apis mellifera, 20-21, 75, 94-98, 166, 224; 
aggression, 236, 239, 302, 332, 334-335, 
339, 451; alarm communication, 235-236, 
239-240; assembly, 245-246; brood care, 
284; castes, 155, 166, 171-177, 182; colony 
odor, 272-275; colony size, 438; defensive 
behavior, 235-236, 239-240, 321; dispersal, 
456; displacement behavior, 219; division 
of labor, 172, 174-178, 222: dominance, 
302, 334-335; endocrine glands, 155; exo- 
crine glands, 235; grooming. 294-295; 
mental capacity, 215-224; metabolic heat, 
307; ovary, 442; population characteristics, 
431, 438; queen control, 88, 92, 96, 166, 
182, 218, 246, 277-278, 298, 302-304, 328, 
331-332; reproductive behavior, 98, 330: 
senescence, 428; sensory physiology, 197- 
209, 211, 213; sex determination, 325; so- 
cial symbiosis, 392, 396, 398-399; sur- 
vivorship, 427-428, 430, 460; territory. 
451; thermoregulation, 306-309: trophal- 
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laws 97. IM: work. 341. See also waggle 
dance 

Apis mellifiea, see Apis mellifera 

Apoica, 9. 435 

Apoidea. 75-102, 381. 438 

Aporomyrmex, 356. 374 

appeasement behavior, 300-301, 362-363. 
403-405, 411-414 

appeasement gland. 403-405 

appeasement substances, 403-405 

Apterocrema, 51, 137 

Arbeñsparasiismus, 377 

arboreal fauna, 48-55 

Archoiermopsis, 190 

Ardiesieres, 398 

Andrey, R.. 318 

Argentine ant see Iridomyrmex (humilis) 

Aristotle, 4 

Armitermes, 186. 188 


army ants. 35-72, 136. 137, 210,213, 221,222, 


235-226, 246. 337. 389. 392, 396, 400-402, 
410-411. 413-416, 440. 444, 460 

Amett. R. H.. 396 

Arnhard?’s glands, 247, 261 

Arnold. G.. 32. 78 

Amoldi. K. V., 261-262, 352-353, 357, 369 

artificial wail test. 249, 365, 368 

Asoomvoetes, 127 

Ashmeadopria, 400 

Ashmole. N. P.. 296 

assassinavion, see execution 

assembly, 244-246 

associative learning, 217 

astelocvitanous nests, 16 

Atelura. 393 

Atemeles. 404. 413-417 

Atopegyne, 359 

Aéraciocerus, 396 

Ama, 41-48. 141, 145, 158. 162-163, 211, 214- 
21S) 236. 240.243. 257, 275 281. 311, 325, 
330. 388. 398, 395-397, 411, 492-493, 431, 
437, 443 

Attaephilus, 395 

Aitaphila, 393, 402, 411 

Attaphilidae, 393 

Aricola. 393 

Atucolidae, 393 

Atticonviva, 398 

Attini. 27, 29. 33, 41-48, 257 


attraction, 244-246. See also alarm; assembly: 


queen substance; recruitment; reproduc- 
uve behavior: trail 
Attumbra, 395 
Atwood, C. E., 78, 79, 169, 232, 381 
Auclair, J. L., 421 
auditory communication, 211, 242-244, 269, 


auditory sense. see hearing 

Augochlorella, 79, 167, 310 

Augochlorepsis, 100-102, 166, 181 

“aunt” care. 459. See also sib selection: spin- 
ster hypothesis 

Aussendienst, 163-164 


Austin, G. H.. 20” 
Austrolasius, 336, 362 
Austrosciara, 398 
autocatalytic communication, 270-271 
automictic parthenogenesis, 320 
autoproctodeal feeding, ISS 
Autrum, H.. 199-200. 202. 208. 43 
Autuori, M., 43, 45-46, 487, 45 
Auxopaedentes, 400 
Avebury, Lord. see Lubbeck 
Ayre, G. L.. 247, 44° 
Ayyar, P. N. K.. 437 

weca, ll, 8,25%: SSB. Wis] 


bacteria. symbiotic, 105. 115 

bacteriocvtes. 103. 115 

bacteristasis, by arts 45, 273 

Baerg, W. J.. 436 

Bailey, I. W.. 285, 287 

Baker. H. G.. 459 

Baltic amber fossils, 31. 3A 18 

Banck. L-J.. 396 

Barber, H. G.. 121 

Barbier, M.. 173. 246. 305 

bark, in thermoregulazen, 311 

bark beetles. see Scolytdae 

Baroni Urbani. C.. 214 332 33° 

Barr. Barbara A.. 128 

Barteria, 54 

Basicerotini. 29, 33 

Basilewsky. P., 397 

Bassindale, R.. 90. 428 

Bates, H. W.. 42-43 

Batra. L. R.. 127 

Batra, Suzanne W. T.. 75, TQ-K2 9%, 169, 231, 
278. 281. 284. 205, 332, 438 445 

Batrachedra, 398 

“battle of the drones” 97, 331 

battles, colony, see aggression 

batumen, 90 

Baumann, F., 199 

Baumann, Margot. 246 

Baumgartner, H.. 200 

Baxter, A. T., 429 

Bazire-Benazet. Madeleine. 45, 281 

beadglands, 53 

Beamer. R. H., 120 

Beaumont, J. de, 378-382, 384 

Beck. H.. 367 

Becker. G., 110 

bee louse, see Branle 

bee purple, 199-200 

bee white, 199 

Beebe, W., 423 

bees, 75-102. See also alodapine bees: Apis: 
Bombus: Halictinae: Meliponini: Psithyrus 

Beeson, C. F. C.. 450, 4 

beetles, see Coleoptera 

begging, see hunger signals: wophallanis 

behavior, 197-232: change with age. 163-165, 
166, 169, 174-177, 179. 181. 185-186 289; 
genetic basis, 221. 320: innate pattems, 
220-221, 320: modifiabilitv, 165, 173, 176, 


1 


< 


A 


208-209, 211, 215-224, 276, 384-385; neu- 
ral basis, 219-220, 222-224 

behavior cycle, army ants, 59-64 

Beig, D., 92 

Beling, Ingeborg, 208 

Bellicositermes, see Macrotermes 

Belonogaster, 9, 13, 24, 179, 181, 28 

Belonuchus, 395 k 

Belostomatidae, 121 

Belt, T., 43, 53, 423 

Beltian bodies, 53, 55 

Bembicini, 23, 377 

Bembix, 23 

benzoquinone, 187 

Bequaert, J. C., 4n, 7, 8, 9, 53, 54, 120-122, 
378 

Bergmann, E. D., 305 

Bergström, G., 239 

Berland, L., 9 

Bernard, F., 27, 28, 32, 352-355, 364, 392-400 

Bernstein, Ruth A., 223 

Bernstein, S., 223, 257 

Berothidae, 394 

Bethe, A., 221, 250 

Bethylidae, 400 

Bethyloidea, 7, 74, 400 

Betrem, J. G., 153 

Betz, Barbara J., 19, 436 

Bevan, C. W. L., 239 

Bier, K., 147, 153, 304, 325 

Bigarella, J. J., 99 

Bingham, C. T., 32, 78, 423 

biopterin, 173 

Birch, A. J., 239 

birds, colonies, 296; flocks, 6; as predators, 
58-59, 405-406; as symbionts, 58-59, 389 

Birukow, G., 212 

bit, information unit, 254 

Bitancourt, A. A., 43, 47, 431 

bivouacs, army ants, 56, 59, 63, 64-65, 69, 71, 
313; Daceton, 162; in thermoregulation, 
313 

black mound termites, see Amitermes hastatus 

Blackith, R. E., 180, 215, 297, 449 

Blaniulus, 393 

blastogenesis, caste, 146, 147, 152, 154 

Blattaria, 103, 120, 393-394 

Blatter, E., 50 

Bledius, 123, 125, 135 

Blepharidatta, 47 

Blest, A. D., 266 

Blum, M. S., 236, 239-240, 257-258, 279, 304, 
332, 382, 418 

Blüthgen, P., 8, 78 

Boch, R., 236, 240, 245, 255, 268-269 

Bodenheimer, F. S., 436 

Bodot, Paulette, 119, 188, 445, 447 

Boeckh, J., 206, 213 

Bohart, R. M., 10 

Bolboceras, 125 

Bolivar, I., 411 

Bombus, 85-89, 238, 455; brood care, 284, 
317; castes, 170-171, 181-182, 222, 228; col- 
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ony odor, 273; competition, 455; domi- 
nance, 277, 281, 299, 317, 333, 460; facilita- 
tion, 297; grooming, 295; hearing, 203; 
oophagy, 281; population characteristics, 
431, 433, 438, 441; primitive traits, 88; 
royal food, 299; sensory physiology, 215, 
248; sex determination, 325; social symbio- 
sis, 383-386, 392, 395-396, 398, 399; sur- 
vivorship, 426-427, 430; territory, 332; ther- 
moregulation, 310; trophallaxis, 310 

bonanza strategy, 135 

Bonavita, Annie, 72 

Bonetto, A. A., 43 

Bonnet, C., 172-173, 249 

Borgmeier, T., 32, 33, 43, 45, 55, 355, 399 

Bossert, W. H., 212-213, 234, 238, 240, 252, 
SH 

Bothriomyrmex, 355, 360, 362-363 

Bothroponera, 72 

Bouillon, A., 439, 445 

Boven, J. K. A. van, 1, 70-71, 140 

Brachygastra, 9, 394, 423, 435 

Brachypeplus, 396 

Brachyponera, 397 

Brachytrupes, 122 

Bracon, 324 

brain, ant, 219-224, 351, 374; honeybee, 209, 
219-224; social parasites, 351, 374 

Brand, J. M., 257 

Branner, J. C., 1 

Brauer, F., 394 

Braula, 399 

Braulidae, 399 

Brauns, H., 83, 84, 101, 395 

Braunsapis, 83-85, 383, 400, 418 

Bremus, see Bombus 

Brenthidae, cleptoparasites, 135; fungus grow- 
ers, 127; social symbiosis, 285, 397 

Brian, Anne D., 170, 282, 284, 317, 426-427, 
430 

Brian, M. V., 1, 39-40, 138, 139, 148-152, 155, 
275, 277, 280-281, 282, 304, 318, 325, 333, 
335, 341-342, 426-427, 429-433, 436-438, 
441-442, 444, 447-453, 455, 457 

bridges, ant bodies, 62 

bridges, inert materials, 278 

Bridwell, J. C., 74 

Brien, Ps 122 

Briggs, W. R., 28 

Bristowe, W. S., 392 

Bro Larsen, Ellinor, 123, 125 

Brontosauriella, 392 

brood care, 21-26, 39, 40-45, 80, 81, 87, 93, 
99-102, 157, 163-164, 234, 275, 277, 281- 
292, 322, 328, 331, 335, 375, 432. See also 
division of labor 

brood cycles, 40 

Broughton, W. B., 242 

Browman, L. G., 103 

Brown, E. S., 452 

Brown, Frances C., 313-315 

Brown, R. Z., 64, 154, 313-315 

Brown, W. L., 27, 28, 30-36, 38, 47, 53-54, 65, 


68, 139, 146, 158, 162, 275, 279, 285-286, 
327, 352, 354-355, 359, 375-376, 423, 451, 
454, 456 

Bruch, C., 15, 352-353, 359 

Brucharachne, 392 

Bruchomyrma, 352, 374 

Brues, C. T., 398, 400 

Bruesopria, 400 

Brun, R., 211, 222, 349-351 

Bruns, H., 227 

Buchli, H. H. R., 184-185, 194, 280, 290, 430 

Buckingham, Edith N., 158, 161, 163 

Buddenbrock, W. von, 211 

budding, 40, 64-65, 361, 444-445, 451 

Büdel, A., 94 

Buffon, G. L. L., 226 

Bugnion, E., 258, 287-289, 299, 447 

bull ants, see Myrmecia 

bull-dog ants, see Myrmecia 

Bullock, T. H., 223 

bumblebees, see Bombus and Psithyrus 

Bünzli, G. H., 420, 423 

Burdick, D. J., 72-73 

Buren, W. F., 33, 239, 357, 366 

burial, dead, 279 

Buschinger, A., 353, 370 

Büsgen, M., 421 

Butenandt, A., 234, 240 

Butler, C. G., 78, 85-89, 94, 170, 215, 240, 
245-246, 247, 261, 273-274, 295, 303-304, 
383-386, 392, 398, 438 

Butler, Charles, 3, 174, 235, 240, 331 

Butolo, J. E., 330 

Buttel-Reepen, H. von, 275 

butterflies, see Lepidoptera 

Buysson, R. du, 9, 281 

buzzing run, 182, 261, 270-271 

Bytinski-Salz, H., 19-21, 434 


Cachon, J., 397-399, 409 

Cagniant, H., 353 

Calaby, J. H., 109, 386-387 

Calam, D. H., 245 

Cale G. H., 273 

Calhoun, J. B., 296 

Callow, R. K., 246, 303 

Calobatinus, 393 

Calodexia, 399 

Calodromini, 135 

Calomyrmex, 438 

Calotermes, see Kalotermes 

Calymmodesmus, 392, 412 

calyptodomous nests, 16 

Camargo, João Maria F. de, 90-91, 310 

Camponotini, 29 

Camponotus, 29, 32, 141, 143, 147, 154, 158, 
161, 163, 168, 187, 211, 248-249, 285, 287, 
348, 359, 394-398, 439, 451; aethiops, 356; 
americanus, 157, 161; beebei, 249, 257, 373; 
castaneus, 141; compressus, 249; confusus, 
438; etiolatus, 159; femoratus, 374; flori- 
danus, 141; herculeanus, 210, 214, 298-299, 
332, 448; inflatus, 285; japonicus, 161, 297- 


298; lateralis, 257, 373; ligniperda, 161- 
162, 214-215, 220, 263, 332; noveboracen- 
sis, 161; obscuripes, 442; papua, 438; paria, 
249; pennsylvanicus, 438; pictus, 161; seri- 
ceus, 248; sexguttatus, 447; truncatus, 159- 
160; universitatis, 356; vitreus, 438 

cannibalism, 165, 184, 192, 279-281, 316, 450 

Cannon, W. B., 306 

Cantharidae, 396, 408 

Capritermes, 187, 348, 392, 394 

caproic acid, 259 

Carabidae, 389, 394 

carbon dioxide, communication, 234, 245, 
297, exchange in nests, 315-316; percep- 
tion, 206, 213, 234, 245 

carboxypeptidase, 283 

Cardiocondyla, 27, 138, 156, 248, 257, 261, 
330, 355, 397, 437, 447, 449 

Carebara, 140, 146, 210, 357, 447 

Carebarella, 140 

Carl, J., 435 

Carne, P. B., 130 

Carney, W. P., 35 

Carpenter, F. M., 31, 106, 327 

carpenter ants, see Camponotus 

Carpophilus, 396 

Carr, Cecily A. H., 152, 304 

carrying, nestmates, 261-263 

Carthy, J. D., 211, 2508257 

Cartodere, 397 

Cartwright, O. L., 396 

caste, definitions, 136-139, 183-184, 342- 
343; ecological correlates, 156, 181-182, 
188, 336-348; recognition, 277-278; ants, 
136-165; social bees, 79, 81, 166-179, 181- 
182; social wasps, 11, 24, 166, 179-182; ter- 
mites, 183-196. See also caste determina- 
tion; division of labor 

caste determination, ants, 146-156, 280, 304, 
320, 445; social bees, 167-169, 303; social 
wasps, 180-181, 300-301; termites, 183- 
196, 304, 445. See also division of labor 

caste intergrades, 138-139, 143-145, 150-151 

caste polyethism, 156-163 

caste ratios, 341-348 

Castle, G. B., 190, 439 

Caswell, H., 239 

Cataglyphis, 159, 211, 396 

Catopochrotides, 397 

Catopochrotus, 396 

Catopomorphus, 395 

“cattle,” see trophobiosis 

Cavill, G. W. K., 239 

Cazier, M. A., 390, 396 

Cecidomyiidae, 399, 408 

Cecropia, 51-52 

cellulose, digestion, 103, 112, 118, 185, 280, 
314 

cemeteries, 279 

centipedes, parental behavior, 120; as prey, 
73 

central nervous system, see brain 
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Centromyrmex, 447 

cephalic gland, see frontal gland 

Cephalophilus, 393 

Cephalotermes, 188, 315 

Cephalotes, 148 

Cephalotini, 33, 158, 187 

Cerapachyinae, 2, 27, 28-29, 67, 258, 360, 
364, 436, 447 

Cerapachyini, 29 

Cerapachys, 436 

Ceraphronidae, 400 

Ceratina, 101 

Ceratinini, 83-85, 102, 338, 383-384 

Ceratopogon, 398 

Ceratopogonidae, 398 

Cercerini, 25 

Cerceris, 25 

Cercopidae, 394, 419 

Ceroncinus, 397, 408 

cerumen, 90 

Chadwick, L. E., 270-271 

Chaetopisthes, 396, 405 

chain transport, 161, 162, 292-293 

Chalcobombus, 85 

Chalepoxenus, 354 

Chamberlin, R. V., 393 

Chapman, T. A., 397 

character displacement, 454 

Charterginus, 9 

Chartergus, 9, 17 

Chauvin, R., 4, 94, 133, 209, 216, 224, 229- 
230, 247, 274-275, 307, 313 

Cheiloxenia, 408 

Chelaner, 138, 145, 258 

Cheliferidae, 392 

Cheliomyrmecini, 29 

Cheliomyrmex, 29, 67-70 

chemical communication, see pheromones 

chemical defense, 13, 187-188, 272-273 

chemical trails, see trails 

chemoreception, see olfaction; taste 

Chen, S. C., 297-298, 341 

Chermidae, 394, 419 

Cherry, Sarah M., 278 

Chilalictus, 169-170 

chilling, caste factor, see climate 

Chilopoda, see centipedes 

China, W. E., 414 

Chironomidae, 398 

chirping, 242-243 

Chlamydopsis, 396 

Chlorion, 377 

chordotonal sensillum, 202-203 

Chrysomelidae, aggregations, 135; parental 
behavior, 123 

Chrysopidae, 394 

Chthonolasius, 356, 362 

chymotrypsin, 283 

Cicadellidae, 419 

ciliates, symbiotic, 115 

circadian rhythms, 209, 214 

Circocylliba, 401 


Circocyllibanidae, 392, 400-402 

citral, 236-237, 240, 245, 382 

citronella ants, see Acanthomyops 

citronellal, 237, 240 

Cladomyrma, 423 

Clark G. C7397 

Clark, J., 30, 31, 32, 35-37, 388, 409 

Clark, L. R., 296 

Clausen, C. P., 377 

claustral colony founding, 36, 38-39, 72, 184; 
relation to caste, 138 

Claviger, 414 

Clavigeridae, 396, 403-405, 409, 413-414 

cleaning, nests, 80, 123, 125; body, see groom- 
ing 

Cleidostethus, 397, 418 

cleptobiosis, 135, 351-357, 377, 381-382 

cleptoparasitism, 377, 381 

Cleveland, L. R., 103, 115, 119 

climate, effect on caste, 12, 148-150, 152-154, 
181, 345-348; effect on geographic distribu- 
tion, 27, 40, 85, 94-95, 455; effect on life 
cycle, 12, 20-21, 94-95; effect on nestsite, 
455; effect on population size, 434, 455; 
effect on social parasitism, 359 

Clubionidae, 392 

clustering, ants, 245; honeybees, 205, 218, 
245-246, 277, 308; termites, 244-245; in 
thermoregulation, 308 

Clytra, 397 

Clytridae, 397 

Coaton, W. G. H., 108, 109 

Coatonachthodes, 407-408 

Coccidae, 394, 419 

Coccidotrophus, 123-124, 423 

Coccinella, 397 

Coccinellidae, 397 

Cockerell, T. D. A., 96 

cockroaches, 103, 120, 393, 402 

coefficient of relationship, 328-330 

Coelotes, 133 

Coenochilus, 396 

Cohen, W. E., 103 

Cole, A. C., 32-33, 140, 313, 352, 356 

Cole, T. W., 246 

Coleoptera, brain, 223; parental behavior, 
120, 123-130, 135; social symbiosis, 394- 
397 

Collembola, 25, 27, 162, 375, 393, 400 

Collier, Jane, 103, 119 

Collingwood, C. A., 148, 349 

Colobocrema, 158 

Colobopsis, 143, 158, 159, 160, 348 

Colobostruma, 214 

colony altruism, 322-324 

colony density, 452-456 

colony foundation, ants, 36-37, 38-39, 45-46, 
222, 361; bees, 81-82, 83, 85-57; termites, 
113, 115-116, 184; wasps, 11, 14, 15, 19-20 

colony growth, see growth 

colony odor, 79, 234, 272-277, 340, 415-416, 
460 


colony selection, genetic, 147, 182, 320-324, 
334-335, 342-348, 377, 440, 443 

colony size, 47, 69, 87; evolutionary signifi- 
cance, 336-338, 342-344; in thermoregula- 
tion, 306, 315-316 

color vision, ants, 210; honeybees, 198-200, 
215 

coloration, parasitic trait, 403 

column raiding, army ants, 58 

Coluocera, 397 

Colydiidae, 397 

Combes, Marguerite, 297 

communal groups, definition, 5; bees, 99, 
100, 169-170 

communication, 226-232, 233-235, 318. See 
also alarm communication; antennation; 
assembly; attraction; auditory communi- 
cation; chain transport; dominance; groom 
ing; pheromones; queen control; 
recognition; recruitment; stridulation; tac- 
tile communication; tandem running; trails; 
transport; trophallaxis; waggle dance 

compass orientation, see light-compass orien- 
tation 

competition, 41, 129, 304, 444, 447-456 

complex behavior, evolution, 224-232 

compound eye, ants, 210; honeybees, 198- 
199; social parasites, 410 

compound nest, 351 

compromise, evolution, 336-348, 440 

conceptualism, 318 

conditioned reflex, 217 

“Congo bible,” 327 

Conomyrma, 240, 357 

Conopidae, 389, 399 

control systems, analysis, 307 

Convexitermes, 188 

Cook, S. F., 280, 316 

cooperation, 458. See also communication 

coordination, see communication 

Coppel, H. C., 213, 260 

Copris, 123, 125 

Coptoformica, 356, 362 

Coptosoma, 424 

Coptotermes, 104, 187, 259, 280, 314-315, 316, 
386-387, 394, 430, 439, 450 

Cordero, A. D., 72 

Cordia, 51, 124 

Coreidae, 121-123 

Corkins, C. L., 307 

cornicles, 421 

Cornitermes, 109, 188, 392, 396 

Corotocini, 402 

corpora allata, 155, 192-193, 303 

corpora pedunculata, 220, 222-224 

corpses, disposal, 278-279 

Cory, E. N., 2, 438, 444 

Corythoderus, 396, 405 

Cosmopterygidae, 398 

Cossyphodes, 397 

Cossyphodister, 396 

Cossyphodites, 397 
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Costa Lima, A. da, 395 

Courtois, G., 181, 272 

Coville, F. V., 170 

Coxequesomidae, 392, 400-402 

Crabronini, 24-25 

Crampton, G. C., 103 

Crandall, R. H., 27, 285-287 

Crawley, W. C., 325 

Crawshay, G. A., 436 

crazy ant, see Paratrechina (longicornis) 

Creighton, Martha, 158-159 

Creighton, W. S., 27, 28, 32, 40, 158-160, 280, 
285-287, 352-354, 357, 359, 362, 366-367, 
369 

Cremastocheilus, 390, 395, 402, 405 

Crematogaster, 29, 33, 137, 158, 239-240, 257- 
258, 262, 276, 278, 289, 327, 339, 355, 359, 
373-374, 389, 392, 394, 396-398, 424, 437, 
439, 442, 457 

Crematogastrini, 29 

Cretatermes, 106-108 

Crévecoeur, A., 377 

Crewe, R. M., 240 

crickets, 120, 122-123, 281, 393, 402 

crop, 285-289, 322 

Crowell, K. L., 451 

Crozier, R. H., 34, 323 

crustaceans, 120 

Cruz-Landim, Carminda da, 179, 275 

cryptobiosis, 146 

Cryptocephalidae, 397 

Cryptocercidae, 103 

Cryptocercus, 103 

Cryptocerus, see Paracryptocerus 

Cryptodus, 396 

Cryptophagidae, 396-397 

Cryptopone, 436 

Cryptotermes, 185, 186-187, 439, 456 

Ctenophorellus, 396, 408 

Cubitermes, 109, 119, 184, 185, 188, 196, 228, 
279-280, 430, 440, 444 

cuckooism, see cleptobiosis 

Cucujidae, 396 

Culicidae, 398, 414 

culturing techniques, ants, 34-35; bees, 78; 
termites, 109-110; wasps, 9; symbiotic 
fungi, 44 

Cumber, R. A., 87, 170-171, 395-396, 398- 
399, 434 

Cunha, A. B. da, 325 

Curanigus, 135 

Curculionidae, cleptoparasites, 135; parental 
care, 127; social symbiosis, 397 

Curtis, Helena, 264 

cybernetics, 229, 319 

cycle évolutif, ants, 326 

Cyclotermes, 430, 440 

Cyclotorna, 398 

Cyclotornidae, 398 

Cyphoda, 393 

Cyphoderinae, 393 

Cyphoderinus, 393 


Cyphoderodes, 393 
Cyphoderus, 393 
Cyphomyrmex, 48, 355 


Dacetini, 27, 29, 47-48, 375, 391 

Dacetinops, 437 

Daceton, 47-48, 161, 247, 262, 284, 292-293, 
420 

Dacoderidae, 397 

Dacryon, 214 

dactylonémes, 409 

Dade, H. A., 94 

damp wood termites, 112 

dances, communicative, 234, 250. See also 
waggle dance 

dancing platform, 266 

Darchen, R., 133, 298, 339 

Darling, F. F., 296 

Darlington, P. J., 395 

Darwin, C. R., 146-147, 320-321, 364, 440 

Dasychernes, 392 

Daumer, K., 200 

Davis, E. G., 436, 443 

Davis, N. T., 394 

dead, disposal, 278-279 

Deevey, E. S., 427 

defecation, social significance, 116-117, 119, 
150, 165, 186, 229-230 

defecation chamber, 123 

defensive behavior, 13, 83, 89, 109, 158-160, 
162-165, 169-170, 179, 186-188, 235-244, 
262, 272-277, 321, 337-338, 403-404 

defensive secretions, 13, 187-188, 235-244, 
337, 403-404 

Delachambre, J., 399, 408 

Delamare Deboutteville, C., 393 

Deleurance, E.-P., 9, 12, 181, 224, 300-301 

Deligne, J., 186-187 

Déke Gn 159 

“democratic” choice, communication, 253, 
269-270 

demography, 426-446, 458-459 

Dendrolasius, 356, 362 

Denis, J., 131 

density dependence, populations, 296, 431- 
432, 452-456 

Dermaptera, 120 

desert, adaptation, 48-49, 211 

Desneux, J., 109 

despotism, 300-305 

Dethier, V. G., 199-200, 209, 213, 215 

detour experiments, 267 

development, 277. See also caste determi- 
nation 

Diacamma, 436 

dialects, waggle dance, 268-269 

Dialictus, 79-83, 85, 169, 232, 273, 281, 295, 
332, 338, 429, 438, 443 

diapause, 148-150 

Diapriidae, 400 

Diceratoclinea, 239 

dichthadiigyne, 60, 66, 139, 222 


Dickson, C. G. C., 397 

Dictyoptera, 103, 120 

diet, artificial, 35 

diffusion models, olfaction, 212-213 

digestion, 173 

digestive tract, ant, 286 

dimethylheptenal, 237, 240 

dimethylheptenol, 237 

dimorphism, caste, 142-146, 157-158, 170, 
171-172, 178-179, 180 

Dimorphomyrmecini, 28 

diphasic allometry, 141 

Diploeciton, 415-416 

Diplopoda, 120, 389, 392-393, 400, 410, 412 

Diploptera, 7 

Diplorhoptrum, 400. See also Solenopsis 

Diptera, 398-399, 408 

direction finding, see recruitment; sun- 
compass orientation; trails 

Discothyrea, 27 

dispersal, colonies, 113, 327, 333, 374, 449, 
456-457. See also army ants; emigration; 
reproductive behavior 

displacement activities, 219 

Dissochaetus, 395 

Ditoma, 397 

diversity, species, 452-456 

division of labor, evolution, 221-222, 341- 
348, 460; adult-larva, 283-284; ergonomics, 
341-348; ants, 156-165, 222, 291-293, 333, 
366; social bees, 166, 168-171, 174-177, 
179, 338; social wasps, 166, 179-181; ter- 
mites, 185-188, 194-196, 259 

Dix, Margaret, 257 

Dixon, S. E., 174 

DNA, caste factor, 173-174 

Dobrzañska, Janina, 161, 163-165, 292-293, 
367, 449 

Dobrzański, J., 215, 248-249, 262, 361, 364, 
367, 448-449 

Dodd, F. P., 398 

dodecatrienol, 213, 260 

Dodson, C. H., 100 

Doflein, F., 231 l 

Döhring, Edith, 8, 19, 20, 307, 310, 395, 397, 
399, 435-436 

Dolichoderinae, 28-30, 33, 142-143, 146, 258, 
284-285, 289, 360 

Dolichoderini, 28 

Dolichoderus, 146. See also Hypoclinea; 
Monacis 

Dolichovespula, 9, 18-21, 378 

dominance behavior, 10-12, 24, 93, 98, 166, 
170, 179-180, 182, 234, 277, 280-281, 292, 
299-302, 321, 334-335, 380, 384-385, 450- 
451, 459 

Dönhoff, E., 174 

Donisthorpe, H. St. J. K., 38, 393, 395-397, 
400, 402, 414, 424, 429 

donorism, 321. See also altruism 

dormancy, see diapause 

Doronomyrmex, 349, 354 

dorso-ventral abdominal vibration, 271 
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dorylaner, 137 

Dorylinae, 1, 2, 29, 32, 137, 139, 210, 258, 
262, 285, 360, 364, 391, 447 

Dorylini, 29 

Dorylogaster, 406 

Dorylomimus, 406 

Dorylonannus, 406 

Dorylus, 70, 137, 210 

Dostal, Brigitte, 204-205 

Douglas, A., 352 

Downey, J. C., 397 

dragonflies, 204 

Drake, C. J., 394 

Drepanotermes, 238, 241 

Dreyer, W. A., 440, 444 

driver ants, 65, 69-72 

drone, see male 

Drosophila, 199 

Drury, W. H., 296 

dry wood termites, 112 

Dryinidae, 400 

Ducke, A., 7, 8, 21, 231 

Dufour’s gland, 145, 234-240, 250, 257, 278, 
366 

dulosis, see slavery 

Duncan, C. D., 19, 21, 280, 435, 443 

dung beetles, see Scarabaeidae 

Dupraw, E. J., 78 

Durlach, N. I., 279 

Duval, M., 245 

D-VAV, communication, 271 

Dybas, H. S., 395 

Dysderina, 392 

Dysodiidae, 121 

Dzierzon, J., 324 

Dzierzon’s rule, 324-326 


earthworms, 1 

earwigs, 120 

Eason, E. H., 120 

eavesdropping behavior, 373 

Eberhard, Mary Jane West, 9-12, 120, 122- 
123, 135, 180, 242, 281, 295, 300-301, 333 

ecdysone, 155, 192-193 

Echinocoleus, 395 

Echthrodape, 400, 418 

Ecitana, 411 

Ecitodonia, 411 

Ecitomorpha, 411 

Eciton, 29, 55-65, 154, 155, 158, 159, 210, 277, 
279, 280, 285, 313-315, 337, 392, 401, 447; 
burchelli, 55-65, 225-226, 401, 436, 442, 
446; dulcius, 401; hamatum, 58, 257, 313- 
315, 426, 436, 447 

Ecitonini, 29 

Ecitophya, 415 

Ecitosius, 406, 411 

Ectatomma, 447 

Ectatomminı, 29, 32 

ectohormones, see pheromones 

Ectomomyrmex, 436 

ectoparasitism, 349-350, 390-425 

eels, symbiosis, 389 


efficiency, 340-348. See also productivity 

egg, social role, 165, 277. See also trophic egg 

egg cannibalism, see oophagy 

egg-laying ritual, meliponines, 92-93 

egg size, caste factor, see blastogenesis 

egg size, reproductive factor, 442 

Ehrhardt, Sophie, 163, 165 

Eibl-Eibesfeldt, Eleonore, 162-163 

Eibl-Eibesfeldt, I., 162-163 

Eickwort, Kathleen R., 180, 325 

Eidmann, H., 43, 47, 280-281, 320 

Eisenbraun, E. J., 237, 240 

Eisner, H., 162, 163, 165 

Eisner, T., 189, 285-288, 290-291, 322, 395, 
401 

Elasmopheidole, 348 

electorate response, 253, 269-270 

Electrapis, 85, 96 

elites, 297-298, 341 

Elizabeth I, 331 

Elton, C. S., 448 

El-Ziady, Samira, 422 

Embioptera, 120 

Emden, F. van, 395 

emergent evolution, 224 

Emerson, A. E., 5, 103, 104-111, 112, 114, 
186, 231-232, 244, 306, 315, 318, 387, 407, 
439-440, 456 

Emerton, J. H., 392 

Emery, C., 34, 66, 136, 147, 287, 352-353, 
360-361, 367-369 

Emery’s rule, 360, 381-384 

emigration, 41, 60-63, 96, 218, 224, 250, 253, 
261-263, 310, 323, 372 

Emphylus, 396 

Enasiba, 409 

endocrine glands, 150, 154-155, 174, 192-193, 
303 

Endomychidae, 397, 409 

endoparasitism, 390 

energetics, see ergonomics; social homeo- 
Stasis 

energy utilization, see ergonomics 

Entomobryidae, 393 

Entwistle, P. F., 329 

Enzmann, E. V., 211, 243, 325 

Eocatops, 395 

Epimetopus, 123 

Epimyrma, 349, 353, 359, 363-376 

Epipheidole, 352, 359-360 

Epiplastocerus, 399, 408 

Epipona, 9, 17 

Episcaphula, 397 

Episthetosoma, 398 

Epixenus, 354 

Epizeuxis, 398 

Epoecus, 354 

Epuraea, 396 

Erebomyrma, 210 

Ereynetidae, 392 

ergatogynes, 36, 136, 138-139, 374 

ergatoid reproductives, 184. See also ergato- 
gynes; ergatomorphic males 


ergatomorphic males, 137-138, 156, 331, 372 

Ergaula, 394 

ergonomics, 163-164, 173, 175-176, 338, 341- 
348 

Erhardt, H.-J., 281 

Eriopheidole, 352 

Ernst, E., 188, 386 

Erotylidae, 297 

Erwin, T. L., 394 

Es, J. van, 245-246 

Esch, H., 261, 264, 266, 269 

Escherich, K., 139, 190, 361, 393-394, 396- 
397, 402, 413 

esters, 239, 279 

ethogram, 197 

ethology, see behavior 

ethospecies, 232 

Ettershank, G., 33, 35, 354-355 

Euclarkia, 397 

Eucondylops, 85, 383 

Euglossa, 100 

Euglossinae, 100 

Euler equation, 442 

Eumenidae, 23 

Eunausibius, 123, 423 

Euparixia, 396 

Euphoria, 396 

eusocial, definition, 4-5 

Eutermellus, 188 

Eutermes, 392, 397 

Euthyrrhaphidae, 393 

Euxenister, 396, 401 

Evans, H. E., 7, 21-25, 72, 76, 120, 180, 327, 
377 

Evylaeus, 79-80, 99, 167-168, 273, 382, 429, 
438, 440 

excretion, 165. See also defecation 

execution, reproductive forms, 192, 316, 331, 
339-340, 362, 376. See also temporary so- 
cial parasitism 

exocrine glands, 235, 238, 375. See also adop- 
tion; appeasement; Arnhardt’s; defensive; 
Dufour’s; frontal; hypopharyngeal; hypo- 


stomal; Koschevnikov’s; mandibular; maxil- 


lary; metapleural; molting; Nasanov’s; 


Pavan’s; poison; postpharyngeal; postpleu- 


ral; poststernal; sternal; tarsal; tibial; wax 
exogamy, 324 
Exoneura, 102, 383-384, 438 
Exoneurella, 84, 102, 338 
exploitationist theory, myrmecophytism, 
53-55 
exploratory trails, 258 
extirpator species, 447 
extrinsic theory, caste, 190 
exudatoria, 289, 407-408 
Exudatstheorie, 190 
eye, see compound eye; ocellus 
Ezhikov, T., 147 


Faber, W., 356, 362 
Fabre, J. H., 124-125 
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facilitation, 297-298 

Fage, L., 392 

Fairey, Elaine M., 303 

Fall, H. C., 395, 397 

family, selection unit, 321-322. See also col- 
ony selection; group selection; sib selec- 
tion 

fanning, 245, 309-310 

Farish, D. J., 72, 293-294 

farnesene, 239 

farnesol, 260 

Farquharson, C. O., 398, 414 

fat bodies, 287. See also physogastry 

fatty acids, 279 

Faure, J. C., 120 

fecal nutrients, attine ants, 44-45 

feces, see defecation 

Fechner, G. T., 317 

feedback, communication, 239-240, 253, 270- 
271, 306 

feeler, see antenna 

Fenton, F. A., 118, 430 

Ferguson, W. E., 377 

Fernändez-Morän, H., 198-199 

Ferreira, A., 179, 260 i 

fertility, 298 

Fiebrig, K., 69 

Fielde, Adele M., 243, 276, 429 

Fink, D. E., 121 

Finke, Ingrid, 208 

fire ants, see Solenopsis (geminata, saevissima, 
xyloni) 

Fischer, W., 206 

fitness, natural selection, 328, 341, 342-348, 
377, 443 

flagellates, symbiotic, 103, 112, 289-290; in 
social cohesion, 119 

flagellum, 205 

Flanders, S. E., 154 

Fletcher D. J. C., 245, 257 

flicker fusion, 202 

flies, see Diptera 

flight muscles, as energy source, 39 

Florey, E., 271 

Florida Keys, fauna, 456 

flower searching, 198, 202, 203, 208-209, 248, 
264 

Folsom, J. W., 393 

foot, see tarsus 

footprint substance, 246, 247, 261 

foraging behavior, 163-164 

Forbes, J., 157 

Forbes, S. A., 423 

Forcipomyia, 398 

Forel, A., 27, 47, 48, 157, 163, 208, 222-224, 
250, 252, 258, 275, 285, 325, 351, 358, 363- 
364, 367, 370, 372-373, 440, 447, 451 

Forelius, 239 

formic acid, 213, 237, 239 

Formica, 40, 50, 140, 152-153, 163-165, 210- 
211, 214, 217, 218, 221, 223-224, 228, 242, 
258, 287, 304, 311-313, 341, 359, 361, 394- 
398, 416, 420, 447; aquilonia, 356; bruni, 


356; cinerea, 364; clivia, 364; cunicularia, 
364; exsecta, 276, 321, 356, 358, 448: exsec- 
toides, 2, 140, 274, 311, 356, 438, 444; foreli, 
356; forsslundi, 356; fossaceps, 364; fusca, 
215, 231, 240, 275-276, 280, 290-291, 297, 
361-362, 364, 366, 372, 446, 450; gagates, 
364; goesswaldi, 356; incerta, 438, 457; in- 
tegra, 405; japonica, 448, 450; lasioides, 
366; lemani, 362, 364; lugubris, 247, 356, 
361; microgyna (group), 357, 362, 366; mon- 
tana, 330; naefi, 356, 364; neorufibarbis, 
366, 457; nigricans, 152-153, 247; nitidiven- 
tris, 368; obscuripes, 160, 293; omnivora, 
451; opaciventris, 322-323, 330, 356, 364, 
444, 446; pallidefulva, 216-217, 221, 438, 
457; polyctena, 152-153, 155, 157, 160, 163- 
164, 211, 214, 216, 261, 263, 275, 291, 294, 
312, 325, 334, 341, 361, 421, 475; pratensis, 
276, 356, 361, 372, 440; pressilabris, 356, 
362; rubicunda, 365-366; rufa, 161, 210, 
215-216, 219, 227, 261, 276, 279, 293, 312, 
315, 320, 322, 330, 356, 362, 372, 391, 420, 
438, 440, 448-449; rufibarbis, 364; san- 
guinea, 66, 161, 164-165, 202, 239, 290, 297, 
325, 349, 357-358, 364-367, 448, 457; sub- 
integra, 330, 366; subnitens, 447; subsericea, 
365; suecica, 356; transkaukasica, 364; trun- 
corum, 276, 312, 356, 448; ulkei, 312, 356, 
440, 444; uralensis, 356; wheeleri, 366, 369 


Formicariidae, 58-59 


Formicidae, see ants 

Formicinae, 28-30, 143, 146, 258, 261, 284, 
289, 360 

Formicini, 29 

Formicoidea, see ants 

Formicoxenus, 138, 218, 354, 372 


Forpus, 389 


Forrest, Helen F., 243 

fossil colony, 142-143 

Francfort, R., 297 

Francke-Grosmann, Helene, 127 

Francoeur, A., 436-437 

Frank, A., 88 

Franklin, H. J., 78 

Fraser Darling effect, 296 

Free, J. B., 78, 85-89, 170-171, 173, 176, 215, 
227-228, 248, 273, 284, 290-291, 295, 298, 
383-386, 392, 398, 438 

Freeland, J., 35, 36, 39, 281, 284-285, 333 

Freisling, J., 231 

Friese, H., 76, 78 

Frieseomelitta, 89, 91 

Frisch, K. von, 2, 78, 94, 182, 197-209, 211, 
215, 217, 245, 247, 255, 262-271, 272-274, 
331 

Frison, T. H., 383-385, 398 

Froeschner, R. C., 394 

Froggatt, W. W., 36, 109 

froghoppers, see Cercopidae 

frogs, symbiosis, 389 

Frohawk, F. W., 424 

frontal gland, 187-188, 241 

“fugitive” colonies, 311 


fugitive species, 327, 444, 447, 450 

Fukuda, H., 427-428, 431 

Fukushima, K., 75, 168-169, 280, 378-379 

Fulgoridae, 394, 419 

Fulleritermes, 407 

Fulton, B. B., 120 

Fungi Imperfecti, 44, 127 

fungistasis, by ants, 44-45, 275; by beetles, 
125; by crickets, 135 

fungus-growing ants, see Attini 

fungus-growing beetles, 125, 127-128 

fungus-growing termites, see Macrotermes: 
Macrotermitinae 

fusion, colony, 276-277 

Futterparasitismus, 373 


Gadgil, M., 377 

Gallardo, A., 32, 355, 359 

Gallardomyrma, 353 

Galleria, 398 

Gamasidae, 392 

Gamasomorpha, 392 

gardens, see Attini; Macrotermitinae: para- 
biosis 

Gargaphia, 121 

Gary, N. E., 240, 246 

Gasatomus, 393 

Gast, R., 303 

Gates, B. N., 307 

Gaul, A. T., 9, 181, 310 

Gause, G. F., 452-453 

Gause’s law, 453 

Gay, F. J., 103, 107, 109, 112, 386, 430, 439, 
444 

Geijskes, D. C., 43, 47 

General Alarm, termites, 244 

genetic control, castes, 146, 166, 177-179, 190 

genetic theory, social behavior, 320-335 

genetics, behavioral, 221, 320, 459 

Gentry, J. B., 436 

Geodiapria, 400 


geographic variation, in social characteristics, 


20, 95, 268-269 
geomenotaxis, 203-204 
Geotrupes, 212 
geranial, 237 
geranic acid, 236, 245 
geraniol, 236, 245 
Gerstung, F., 174-175 
Gertsch, W. J., 131 
Gervet, J., 281, 300-301 
Gesomyrmex, 210 
Ghent, A. W., 130 
Ghent, R. L., 236, 240 
Gigantiops, 210 
Gillaspy, J. E., 377 
glands, see endocrine; exocrine 
Glenostictia, 23 
Glick, P. A., 456 
Globitermes, 187 
Glöckner, W. E., 154 
glomerulus, brain, 220 
Glowska-Konopacka, S., 451 
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gluconeogenesis, 283-284 

glucose, 282 

Giyptotermes, 392 

Givprus, 394 

Gnampiogenys, 436 

Gnathotrichus, 128 

Grostus, 405 

Goetsch, W., 147, 152, 154, 155-156, 162, 163, 
165, 239, 281, 325, 373 

Goidanich, A., 423 

Goldsmith, T. H., 198-199 

Goll. W.. 222 

Galley, F. B., 436 

Gomes, F. P., 324 

gonadotropic hormones, 303 

Gongalves, C. R., 43 

Gonçalves, L. S., 267 

gongylidium, 43 

Goniomma, 48 

Güsswald. K., 38, 147, 153, 157, 281, 285, 
287, 290, 311, 322, 330, 349-351, 356. 361, 
363, 367, 455, 457 

Gotwald. W. H., 27, 139 

Gould, W., 50, 338 

Grabensberger, W., 215 

Graham. K., 127 

Grandi, G., 25 

Grassé, P.-P., 104, 105, 109, 110, 118-119, 
184-185, 190, 228-231, 262, 279-280, 289, 
296-298, 395, 397, 430, 439-440 

Grassi, B., 188-190, 244, 281 

Grassiella, 393 

gravity sense, ants, 211-212, 214; honeybees, 
198, 203-204 

Greaves. T., 103, 112, 314, 439, 444, 450 

Green, E. E., 424 

Gregg. R. E., 147, 155, 159-160, 280 

Grinnell. A. D., 243 

Grodins, F. S., 306 

grooming, nestmates, 82, 185, 234, 271, 294- 
295, 375: parasites, 409, 411; self-grooming, 
219, 279, 293-294 

grooming dance, 271 

Groot, A. P. de, 322 

group behavior, 296 

group effects, 296-299 

group-predation, army ants, 65-66; spiders, 
133 

group selection, 119, 130, 320-324, 328-334, 
342-348. See also colony selection; sib se- 
lection 

growth, colonies, 11, 13, 39-40, 45, 55, 113- 
114, 116, 181, 317, 341-342, 377, 442-444; 
immature stages, 139, 148-156, 169, 335, 
see also trophogenesis: populations, 422, 
430-444, 452-455; postimaginal, 407 

Grütte. E., 381 

Gryllidae, 120, 122-123, 393 

Gryllotalpinae, 122-123 

guard duty, see defensive behavior 

guiding flights, 266 

Gulamentus, 127 

Gupta, S. D., 439 


gut, ant, 2% 
gymnodomous nesis, 16 
Synandromerphs | 138 148 
gyne, definition, 138 
gynergates 48 


Haas, A.. 88 

habituation. 217 

Habrobracen. 324 

Haeckel, E.. MT 

Haedo Rossi. J. A. M 

Hagan, H. R.. 42 

Hagen. H. A.. 109 

Hagen. K. S. 135 

Hagen. V. W. von. 41-42 

Hagioxenus, 355 

Hagmann. G.. 398 

Hahn. E.. 120 

hairplates, 203-204 

Haldane. J.B. S.. 253. 256.284 

Halictidae, 75, 231. 298, 327-328. 381-382, 
428-429, 438, 442. See also Halictinae 

Halictinae, 73, 7-83. 232, 273-274: brood 
care, 284 castes. 167-170. 181: cleptobio- 
sis, 382-383: colony size, 438: criteria for 
evolutionary progression, 79-81. 99-102, 
338; nest oder. 273-274: survivorship, 429, 
440: thermoregulation. 310: trophallaxis, 
284 

Halictus, 75, 78 167-170, 303. 382. 431. 438 
440 

Hall. S. R.. 103, 119 

Hamearis, 388 

Hamilton. W. D.. 12. 100, 321. 328-334, 339, 
342. 459 

Hammann. Eleonore, 271 

Hangartner, W.. 213, 245, 246. 250-253, 287 
276. 297 

Hanser, Gisela. 173 

Hansson, À.. 278 

haplodiploidy. sex determination, 324-327: 
social Significance. 3272334 

Hapleneurien, 22 

Happ. G. M. 385 

Hardin. G.. 282 

Harpagemyia, 398. 414 

Harpagoxemus, 249, 324, 327, 353, 369-370 

Harris, W. V.. 108, 109. 229 

Hart. J. H.. 147 

Hartig, T.. 125 

Haskell, P. T.. 243 

harvester ants 48-30. See alo Messor: Pogo- 
nemyrmex 

harvester termites 108, 258. See also Hodo- 
termitidae, Termitidae 

Harvey, P. A.. 113. 430. 439. 456 

Hase, A.. 435 

Haskins, C. P., 31, 33-3 „138,1 
211,243,262, + 284-285, 305, 325, 340, 
352, 429, 437, 451 

Haskins, Edna F.. 35-37, 72-73. 138, 140, 
262, 274,305, 385, 382,437,45] 

Hasselrot. T. B.. 310 


Hatch, M. H., 395 

Hauschteck, Elisabeth, 34 

Haviland, Elizabeth E., 2, 438, 444 

Haviland, G. D., 109 

Hayashida, K., 101, 169, 284, 297-298, 305, 
341, 356, 367 

Haydak, M. H., 174, 271, 322 

head banging, 244 

head labial glands, 235 

Headley, A. E., 332, 437, 445 

Hean, A. F., 120 

hearing, ants, 211-243; honeybees, 198, 202- 
203; termites, 244 

Heath, H., 190 

Hebling, N. J., 175, 179 

Hecker, H., 215 

Hegh, E., 447 

Hein, G., 270 

Heldmann, G., 7, 281, 299 

Helluomorphoides, 389, 394 

Helochares, 123 

hemiascomycetes, 127 

Hemiptera, parental care, 120, 121-122; so- 
cial symbiosis, 394, 424; trophobiosis, 424 

Hemiseopsis, 394 

heptanone, 236, 240 

Heran, H., 204-206, 209 

heritability, 197, 221 

Herold, E., 94 

Hertz, Mathilde, 201 

Herzig, J., 421, 423 

hesmosis, 361. See also budding 

Hess, Gertrud, 298 

Hess, W. R., 307 

Hetaerius, 396 

heterogonic growth, see allometry 

Heterotermes, 394 

hexadecalactone, 305 

hexanoic acid, 259 

hexenal, 239-240 

hexenol, 245, 277 

Heyde, Kaethe, 163, 221 

Heymons, R., 124 

Hibble, J., 152, 277, 304, 335, 448, 455 

Hill, G. F., 109, 112, 386-387, 438, 440 

Himmer, A., 89, 307-308, 310 

hind gut, pheromones, 236, 245, 257 

Hinde, R. A., 218 

Hindwood, K. A., 389 

Hingston, R. W. G., 248-249 

Hinton, H. E., 120, 123-124, 125, 397-398, 
424-425 

Hippeococcus, 422 

Hirashima, Y., 78 

Hirst, S., 392 

Histeridae, 396, 400, 410 

histolysis, flight muscles, 39 

history, insect sociobiology, 2-3 

Hocking, B., 397 

Hockingia, 397 

Hodge, C. F., 428 

Hodgson, E. S., 214-215 

Hodotermes, 108, 397, 450 


Index 537 


Hodotermitidae, 106, 108, 109, 112, 258-159, 
315, 439, 445 

Hoffer, E., 299, 384 

Hoffman, Irmgard, 173 

Hoffman, W. E., 121 

Holdaway, F. G., 439 

holism, behavior, 224 

Hollande, A., 397-399, 409 

Hölldobler, B., 157, 214, 246, 263, 285, 299, 
330, 332, 390-391, 395-396, 403-404, 413- 
417 

Hölldobler, K., 320, 362, 400, 414 

Hollingsworth, M. J., 140, 141 

Holmgren, N., 108, 109, 190, 407 

home range, 1-2 

homeostasis, definition, 306. See also popula- 
tion (homeostasis); social homeostasis 

homing, 273-274, See also trails; vision; wag- 
gle dance 

Homoeogamiidae, 394 

Homoptera, parental care, 120; social symbio- 
sis, 293, 394 

honey, 86-87, 92, 97, 173 

honeybee, see Apis (esp. A. mellifera) 

honeydew, 27, 123, 402, 419-420, 455 

honeypot, 86-87, 92 

honeypot caste, see replete 

hormones, see endocrine system 

hornets, 18-21. See also Vespinae 

Horridge, G. A., 223 

Hospitalitermes, 258 

Houston, T. F., 169-170 

Howden, H. F., 125 

Howse, P. E., 186, 244 

Hoyle, G., 209 

Hozawa, S., 397 

Hubbard, H. G., 125, 127-128 

Huber, Frangois, 172-173 

Huber, Franz, 209, 220, 222 

Huber, Jakob, 45-46 

Huber, Pierre, 218, 231, 299, 311, 364, 367, 
420, 460 

Huberia, 257 

human society, 460 

humble bee, see Bombus; Psithyrus 

humidity control, 278, 282, 312-313 

humidity sense, 206, 213-214 

Hummel, H., 259-260 

hunger signals, larvae, 341 

Hunt, G. L., 444, 449-450 

Hurd, P. D., 7, 9 

Hüsing, I. O., 209 

Huxley, J. S., 139, 284 

Hydnophytum, 51 

hydrocarbons, 237, 259 

Hydrophilidae, 123 

hydroxydecenoic acid, 173, 218, 236, 246, 303 

hygroreception, see water 

Hylomyrma, 38, 146 

Hymenoptera, classification, 7; number of 
species, 327; origin of sociality, 21-26, 
72-74, 98-102, 327-334. See also ants; 
bees; Vespoidea 


Hyperaspis, 397 

Hypercolobopsis, 158 

hypermastigote flagellates, 103 

Hypochthoniidae, 392 

Hypoclinea, 281, 391, 394, 398-399, 413- 
414,422 

hypopharyngeal glands, 163-164, 172, 175- 
177, 235-236, 260, 284, 350 

Hypophrictoides, 398 

Hypoponera, 136, 138, 156, 157, 331 

hypostomal glands, 164, 235 

Hypotrigona, 89 


Icaria, 281 

Iceland, fauna, 455 

identification signals, see recognition 

Ihering, H. von, 12, 45, 48, 90 

Ihering, R. von, 21 

Ikan, R., 283-284, 305 

imaginal caste determination, 83, 167 

imaginal discs, 139, 150-151, 154-155 

Imms, A. D., 110, 190, 399 

imprinting, 276 

inbreeding, consequences, 323-324, 328-330, 
333 

Incisitermes, 113, 430, 439, 456 

inclusive fitness, 328 

Incolitermes, 386-387 

Indotermes, 107 

inefficiency, 340-348. See also productivity 

information analysis, 253-257 

infrabuccal chamber, 285-286 

infrabuccal pellet, 285-286 

injured workers, behavior, 279, 321 

Innendienst, 163-164 

Inquilina, 85, 383-384 

inquilinism, 305, 342-356, 358, 374-377, 379- 
380, 383-388, 389-425 

insight learning, 217 

insinuator species, 447 

instinct, see behavior 

integration, see communication; social home- 
ostasis; social symbiosis 

intelligence, 197, 215-224. See also behavior 

intercastes, 138-139, 143-145, 150-151, 167 

intrinsic factor theory, caste, 190 

intrinsic rate, population increase, 431 

introduced species, 452 

involucrum, 15-18, 20, 91 

Iphierga, 398 

Ipinae, 127-128 

Ips, 127-128 

Iridomyrmex, 31, 40, 52, 66, 214, 235-236, 
240, 257, 281, 286, 311, 364, 389, 391, 394, 
397-398, 409, 420, 437, 439, 449-452, 457 

Ishay, J., 9, 19-21, 181, 283-284, 305, 426, 429, 
434 

Ishikawa, R., 78 

islands, analogies to colonies, 391-400; fau- 
nas, 138, 449, 456 

Isnus, 397 

isoamyl acetate, 236, 240 

Isopoda, 189, 389, 392 


Isoptera, see termites 
Isotomidae, 393 

Isotominella, 393 

isovaleric acid, 239 
Istomina-Tsvetkova, K. P., 290 
Italochrysa, 394 

Iwata, K., 23, 442 


jack-pine sawfly, 130 

Jackson, W. B., 313 

Jacobi, T., 250 

Jacobs-Jessen, Una F., 201, 211, 215 

Jacobson, E., 394, 399, 413 

Jacoby, M., 27, 43, 47 

Jakubski, A. W., 394 
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Jander R. 209, 211, 216, 247, 252, 255 

Jander, Ursula, 293 

Janet, C., 21, 39, 275, 280, 281, 372, 379, 392- 
393, 402, 414, 429, 431 

Janssens, A., 396 

Janssens, E., 395 

Janzen, D. H., 27, 50-51, 54-55 

Jassidae, 374, 394, 419 

Jay, S. C., 78, 171, 172-173 

Jaycox, E. R., 298 

Jeanne, R. L., 13-14, 18, 429, 435, 440, 447 

Jeannel, R., 395 

JÉrdon h. C. 50 

jerking dance, 271 

Johnson, C. G., 456 

Johnson, D. L., 266-267 

Johnson, R. A., 58 

Johnston, Norah C., 303 

Johnston’s organ, 202 

Jolivet, P., 397 

Jones, C. R., 421 

Jones, J. W., 140 

Jones, S., 120 

Jonescu, C. N., 222 

Jordan, R., 170, 284 

Joseph, K. J., 393 

jostling run, communication, 270 

Jucci, C., 103 

jumping plant lice, see Chermidae 

juvenile hormone, 155, 192-193 


Kaestner, A., 120 

Kaiser, P., 187, 196 

Kaissling, K.-E., 206 

Kalmus, H., 215, 217, 273-274, 451 

Kalotermes, 108, 112-113, 185, 188-194, 215, 
244-245, 277, 280, 298, 339, 430, 456 

Kalotermitidae, 112-114, 193, 289-290, 315, 
391, 439, 445, 456 

Kalshoven, L. G. E., 118, 430-431, 440, 442 

Kannowski, P. B., 36, 330 

Karawajew, W., 414 

Karlson, P., 234, 259-260 

Karumiidae, 396 

Kaschef, A.-H., 399 

Kaston, B. J., 133 
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Käthner, Br., 325 

Katô, M. 312 

Kaudewitz, F., 373 

Kelly, A. F., 448, 455 
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Kemner, N. A., 109, 397-398 

Kemper, H., 8, 19, 20, 307, 310, 395, 397, 399, 
435-436 

Kempf, W. W., 33, 38 

Kennedy, C. H., 366 

Kennedy, J. S., 136, 422 

Kerfoot, W. B., 101, 338, 438 
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Kerr, W. E., 43, 45, 89-93, 95, 175, 177-179, 
260, 281, 284, 310, 323-325, 327, 330-331, 
339, 429-430, 455, 457 

Kerr theory, caste determination, 177-179 

Kershawia, 397 

ketodecenoic acid, see queen substance; 
honeybees 

Keys, J. H., 121 

Kieseritzky, V., 397 

Kiil, V., 161-162, 163 

Kincaid, T., 50 

kinesthetic sense, 250 

King, G. E., 175 

King, R. L., 161, 293, 364, 444 

kinopsis, 247 

kinship, evolutionary factor, 119, 182, 321, 
328-334, 458 

Kirby, W., 384 

Kirkpatrick, T. W., 122 

Kistner, D. H., 395, 399-400, 402, 406-408 

kitchen midden, 279, 400 

Kleber, Elisabeth, 208 

Kleine, R., 397 l 

Kloft, W., 224, 285, 287, 290, 313, 322, 330, 
367, 422 

Kneitz, G., 261 

Knerer, G., 78-81, 99, 102, 167-168, 232, 284, 
328, 381-382 

Koblick, Tonya Ann, 395 

Koch, A., 103 

Kohler, F., 274-275, 367 

Kohlrabi heads (fungi), 43 

König, J. C., 118, 243 

Koob, K., 45, 275 

Körner, Ilse, 208 

Koschevnikov’s gland, 235-236, 277, 303 

Krafft, B., 133-134 

Kratky, E., 176-177 

Krishna, K., 109, 112 

Kroll, J. C., 389, 394 

Krombein, K. V., 78 

Kröning, F., 202 

Kühn, A., 200 

Kulincevié, J. M., 95 

Kullmann, E., 130 

Kusnezov, N., 28, 143, 354-355, 359 

Kutter, H., 276-277, 349-354, 357, 359, 361- 
364, 370-371 

Kuwabara, M., 200 

Kyidris, 355, 359, 361, 373, 375-376, 384 


LaBerge, W., 87, 438 

labial glands, 64, 155, 164, 235-236, 260, 286, 
350 

Labidus, 58, 67, 69, 246, 406, 412 

Labiotermes, 188 

labor, see division of labor; ergonomics 

Lacher, V., 204, 206, 209, 245 

Lachnocnema, 423-424 

Lachnus, 421 

Lack, D., 296 

lactones, 305 

Laelaptidae, 392 

Lagria, 397 

Lagriidae, 397 

Laidlaw, H. H., 324 

Laigo, F. M., 96 

Lamarck, J., 147, 320 

Lamarckism, ant castes, 147, 320 ~ 

Lamborn, W. A., 397, 424 

Lange, R., 153, 272, 275, 291, 322, 334 

Lange, R. B., 99-101, 167, 169, 327 

language, 458. See also communication 

lantern flies, see Fulgoridae 

Lappano, Eleanor Rita, 64, 155 

Laroca, S., 100, 382 

larvae, social role, 165, 183, 245, 331, 335 

Lasiocampidae, 130 

Lasioglossum, 79, 167-170, 456 

Lasius, 31, 33, 140, 154, 163, 211, 250, 258, 
311, 313, 356, 362, 394, 396-397, 414, 422, 
423, 447, 451, 454-455; alienus, 212, 237, 
240, 356, 362, 429, 431; emarginatus, 297; 
flavus, 298, 331, 424, 446, 449, 453-454; 
Juliginosus, 141, 213, 250, 252, 257, 276-277, 
293, 390-391; nearcticus, 454; neoniger, 
423; niger, 39, 212-213, 246, 275-276, 325, 
420, 442, 448, 453-454, reginae, 356, 362; 
spathepus, 418; umbratus, 358, 362 

latent learning, 217 

laterinidal combs, 16 

Lathridiidae, 397, 408 

Latreille, P. A., 341 

launching platform, termites, 229 

Law, J. H., 145, 245, 250, 257, 303 

Lawrence, J. F., 396-397 

Lea, A. M., 394-397 

leadership, ants, 297-298 

leaf-cutting ants, see Acromyrmex; Atta 

leaf-cutting beetles, see Lethrus 

leafhoppers, see Cicadellidae 

learning, see behavior (modifiability) 

Lecomte, J., 245, 247, 261, 274-275 

Lederer, E., 303 

Ledoux, A., 120, 148, 153-154, 161, 163, 281, 
325-326 

Lee, J., 161 

Legewie, H., 168, 169 

legionary ant, see army ant 

Leiodidae, 395 

Le Masne, G., 72, 156, 157, 165, 262, 277, 281- 
282, 285, 289, 331, 355, 360, 376, 395, 397, 
415 

Lengerken, H. von, 120, 123-126 


Lensky, J., 339 

Lepeletier de Saint-Fargeau, A. L. M., 384 

Lepidocyrtinus, 393 

Lepidopria, 400 

Lepidoptera, presocial behavior, 130; social 
symbiosis, 397-398 

Lepidoregia, 393 

Leptanilla, 29, 66-67, 210 

Leptanillinae, 29, 66-67, 139 

Leptinidae, 395 

Leptinus, 395 

Leptogenys, 27, 66-67, 68, 258, 395, 397, 436 

Leptomesites, 67 

Leptomyrmecini, 28 

Leptomyrmex, 138, 285, 396, 437, 439 

Leptomyxotermes, 196 

Leptothorax, 136, 147-148, 157, 210, 248-249, 
262, 281, 304, 349, 353-354, 359-360, 363, 
369-372, 376, 437, 442, 445, 448, 450-451 

lestobiosis, 357 

Lestrimelitta, 2, 76, 177, 381-382 

Lethocerus, 121 

Lethrus, 124-126 

Leucocoprinus, 44 

Leucotermes, 394 

Leuritus, 393 

Leuthold, R. H., 257-258, 457 

Levieux, J., 293 

Levin, M. D., 451 

Levins, R., 344, 452, 459 

Lewontin, R. C., 442, 459 

ACC, 323 

Light, S. F., 190, 327 

light-compass orientation, 208-209, 211-212, 
216, 249-250, 252 

lignin, role, 118 

limonene, 188, 238, 241 

Limulodidae, 395, 400-401, 410 

limuloid body form, 409, 418 

Lin, N., 338 

Lind, Nancy, 45, 237 

Lindauer, M., 94, 95, 173, 175-176, 199, 201- 
204, 206, 208-209, 210-211, 216, 220, 224, 
232, 260, 266, 269-271, 284, 290, 307, 309, 
322, 341-342 

Lindhard, E., 299, 383 

Lindroth, C. H., 394 

linear programming, 342-348 

Linsenmaier, W., 350 

Liometophilus, 397 

Liometopum, 397 

Liomyrmex, 210 

Liphyra, 425 

Liposcelis, 394 

liveliness, waggle dance, 269 

lizards, symbiosis, 389 

locusts, 6, 213, 296 

Löfgvist, J., 239 

logistic growth, 431 

Lomamyia, 394 

Lomechon, 405 

Lomechusa, 403, 405, 414-416 

Long, W. H., 398 
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longevity, see survivorship 

Lordomyrma, 138 

Lotka-Volterra equations, 447, 452 

Lövgren, B., 432 

Loxotropa, 400 F 

Lubbock, J., 163, 275, 278, 325 

Lucas, H., 18 

Lukoschus, F., 155, 171 

Lund, A. W., 55 

Lüscher, M., 104, 118, 190-193, 258-260, 280, 
303, 315-316, 318, 339, 439 

Lycaena, 424-425 

Lycaenidae, 397, 423-425 

Lyford, W. H., 1 

Lymexylidae, 127, 396 


Maa, T., 78 

MacArthur, R. H., 323, 459 

Macgregor, E. C., 250 

Mackensen, O., 324-325 

MacLeod, E. G., 394 

macraner, 137 

macrocephalic caste, bees, 168 

Macrocheles, 401-402 

Macrochelidae, 392 

Macrogalea, 383 

Macrotermes, 118-119, 184-187, 228-230, 
315-316, 392, 394, 397, 430, 439-440, 447, 
456 

Macrotermitinae, 2, 41, 104, 116-119, 185, 
195, 290, 391 

Maeterlinck, M., 226, 228, 318 

Magalhaes, P. S. de, 122 

magnetic sense, ants, 214; honeybees, 198, 
208 

Maidl, F., 2, 120 

major worker, see soldier 

Malacosoma, 130 

male, in ants, 137-138, 210, 214; circadian 
rhythm, 214; parentage, 170, 305, 320, 329- 
334; role in society, 11, 124-126, 128, 129- 
130, 136, 156-157, 169-170, 185, 195-196, 
222, 277, 282, 285, 329-334; social para- 
sites, 374; vision, 200, 210 

male “soldiers,” bees, 169-170 

Malpighian tubules, 286, 289 

Malyshev, S. I., 74 

mammals, symbiosis, 389 

Mamsch, E., 304, 441 

man, 460 

mandibles, social significance, 31, 328, 350, 
367, 371 

mandibular glands, 164, 172, 175, 235-238, 
240, 260, 275, 350 

mandibulate soldiers, 186 

Manee, A. H., 435 

Manfredi, P., 393 

Mani, M. S., 120 

Manica, 45, 72, 213, 262, 352, 359 

mankind, 460 

Mann, W. M., 396, 456 

manna, 419 

mantids, 120 


Mantispidae, 394 

Marais, E. N., 318 

Marak, G. E., 210, 250 

marathon dancers, 208-209 

Marchal, P., 7, 21, 180, 300, 305, 333 

Marginitermes, 439 

Marikovsky, P. I., 279, 330, 457 

Markin, G. P., 287, 290 

Markl, H., 203-204, 209, 211, 214, 220, 232, 
243 

Marko, P., 174 

Markov process, 226 

Marlin, J. C., 367, 369 

marriage flights, see reproductive behavior 

Martin, H., 204-208, 213 

Martin, M. M., 44-45, 47, 437 

Martin, P., 298 

Martinez, A., 396 

Masaridae, 7 

Maschwitz, U., 45, 165, 238-240, 263, 275, 
283-284, 289 

Masner, L., 400 

mass communication, 197, 226, 253, 317 

mass effects, 197, 224-232, 296, 316-317, 338 

mass provisioning, 21-25 

Mastotermes, 103, 107, 112, 187, 259, 274, 
438-439, 445 

Mastotermitidae, 103, 106, 112, 186, 438 

Mathad, S. B., 393 

mating behavior, see reproductive behavior 

Matsumura, F., 213, 260 

Matthews, R. W., 7, 25-26, 436 

Matthey, R., 379 

Maule, Vilma (Mrs. Rodrigues), 89, 90 

Maurizio, Anna, 428, 430 

maxillary glands, 163-164, 235 

Mayr, E., 136, 360 

maze learning, 215-217, 221, 223 

Mazokhin-Porshnyakov, G. A., 217-218 

McClure, H. E., 121 

McCluskey, E. S., 214 

McCook, H. C., 279, 285, 312, 451 

McGurk, D. J., 240 

McKittrick, Frances A., 103 

McMahan, Elizabeth A., 439 

mealybugs, see Pseudococcidae 

meat ant, see Iridomyrmex (detectus) 

Mecistorhinus, 121 

Medawar, P. B., 428 

media worker, ants, 138 

Medler, J. T., 455 

Medugorac, I., 209 

Megachilidae, 100, 381 

Megacyphoderus, 393 

Megalomyrmex, 355, 372-373 

Megaponera, 66-68, 141, 293, 447 

Meidell, O., 170 

meiosis, sex determination, 325-326 

Melandryidae, 397, 408 

Melichiidae, 399 

Melipona, 89-93, 166, 177-179, 233, 260, 266, 
302, 325, 330-331, 392, 394-395, 397, 399, 
429, 434, 438 


Meliponini, 89-93, 94, 331, 395: brood care, 
93, 284; castes, 177-179, 182; cleptobiosis, 
381-382; colony odor, 275; colony size, 
438-439; defensive behavior, 89, 337; dis- 
persal, 456-457: division of labor, 179, 182; 
dominance, 302, 321; emigration, 262; 
grooming, 295; instinct, 221; reproductive 
behavior, 92, 330, 339; social symbiosis, 
418-419; survivorship, 429-430; thermo- 
regulation, 310; trails, 260-261; trophal- 
laxis, 284; trophic eggs, 93, 281, 284 

Meliponula, 325 

Melissoblaptes, 398 

Melittobia, 325 

melittophiles, 389, 418-419 

Melittophora, 399, 418 

Melophorini, 28 

Melophorus, 28, 48, 285 

Membracidae, mimicry, 422-423; parental 
care, 120; social symbiosis, 374, 394, 419, 
423-424 

memory, see behavior (modifiability) 

Menozzi, C., 289 

mental capacity, 215-224 

Menzel, R., 215 

Meranoplini, 29 

Meranoplus, 48, 437 

Mermithidae, 390 

Merophysiidae, 397 

Mesoponera, 30, 436 

Messor, 48-49, 143, 161-162, 163, 165, 211, 
392, 394-397 

metabolic heat, 307 

metapleural gland, 28, 32, 45, 164, 235, 275, 
350 

Metapolypia, 435 

Metaponini, 29 

Metaponorthus, 392 

Methocha, 32, 35, 72-73 

methylheptanol, 240 

methylheptanone, 237, 240, 247 

methylhexanone, 239 

Metoecus, 397 

Metopina, 414 

Meyer, J., 229, 319 

Michener, C. D., 4, 5, 76-79, 82, 84-85, 87, 
89, 90-92, 94-95, 99-102, 120, 167-169, 
231, 273-274, 310, 327, 337-339, 341, 381, 
383-384, 400, 418, 428-429, 438 

micraner, 137 

Microcerotermes, 104, 109, 185, 195, 315, 397, 
439 

microclimate, see humidity control; thermo- 
regulation; ventilation 

Microdon, 399 

Microdonia, 411 

Micromalthus, 329 

Micropterus, 389 

Microstigmus, 7, 25-26, 284, 327, 436 

Microtermes, 109, 118 

midges, see Chironomidae 

Miller, C. D. F., 9, 19, 378 

Miller, E. M., 183, 190, 193-194 


Index 540 


Miller, R. S., 447 

millipedes, see Diplopoda 

Milliron, H. E., 78 

Milojevic, B. D., 177 

Milum, V. G., 271, 307-308 

Mimanomma, 406 

Mimeciton, 410 

Mimeutermes, 188 

mimicry, 405-408, 422-423 

Mimopria, 400 

Miner, J. R., 427 

Minnich, D. E., 207 

minor worker, ants, 138, 145, 147, 221, 343- 
348 

Minotaurus, 124 

Miridae, 389 

Mirotermes, 348 

mirror experiment, 211 

Mischocyttarus, 9, 13-14, 377-378, 380-381, 
429, 434-435, 440 

Mitchell, T. B., 78 

mites, see Acarina 

mitochondria, caste factor, 174 

Mittelstaedt, H., 204 

Mittler, T. E., 419 

mixed colonies, 221, 275-277, 351, 357-358 

Mockford, E. L., 120, 394 

Moeller, A., 43-44 

molecular weight, pheromones, 238 

molting, 277-278 

molting glands, 184 

Monacis, 33, 257, 373-374 

Monarthrum, 127-128 

Moniaecera, 24 

Monilia, 125, 127-128 


monogyny, 331-332, 338-340; control, 10-11, 
see also queen control; evolutionary origin, 


12, 331-332 


Monomorium, 27, 40-41, 48, 72, 138, 153, 211, 


250, 257-258, 277, 304, 311, 348, 354, 363, 
426, 429, 445 

monomorphism, caste, 140-141 

monophasic allometry, 141 

Monotoma, 396 

Montagner, H., 9, 181, 182, 272, 283-284, 
290-291, 302, 305, 331, 333 

Montenegro, M. J., 92-93, 178-179 

moon-compass orientation, 211 

Moore, B. P., 72, 187-188, 238, 241, 250, 259, 
389, 394 

Moore, T., 124 

Mordwilko, T., 421 

Morgenthaler, O., 392 

Morimoto, R., 284, 299 

Morisita, M., 448 

Morse, R. A., 96, 240, 246 

mortality, see survivorship 

Mortenson, M. A., 390, 396 

Mosconi, P. B., 103 

Moser, J. C., 43, 45, 47, 240, 257, 279, 332, 
4il 

Moskovljevic-Filipovic, V. C., 176 

mosquitoes, see Culicidae 


moths, see Lepidoptera 

Mou, Y. C., 395, 409 

mound nests, 2, 311-313. 315-316, 386-387 

Moure, J. S.. 78, 92, 100. 339, 455, 457 

Moynihan, M., 357 

Muesebeck, C. F. W., 78 

Müller, B., 258 

Müller, J., 199 

Müller, W., 55, 59 

Müller theory, vision, 199 

Müllerian bodies, 53 

Mullin, M., 332 

multicolonial populations, 457 

multiple alleles, sex determination, 324-325 

Muma, M. H., 131 

Murrell, K. F. H., 342n 

mushroom bodies, see corpora pedunculata 

Mutillidae, 338, 377 

mutualism, 374, 3897. See also trophobiosis 

mycangium, 127 

Mycocepurus, 33, 330 

Myers. J. G.. 389 

Myopias, 436 

Myvopopone, 73-74 

Myrmaphaenus, 158 

Myrmeblattina, 393 

Myrmechixenus, 397 

Myrmecia, 32, 35-39, 72-73, 138, 145, 146. 
161, 214, 222, 262, 274, 281, 286, 305, 325, 
352, 359-360, 397, 437, 439 

Myrmeciinae, 28, 145, 146, 242, 257-258, 284, 
359-360 

myrmecioid complex, ants, 28, 72-74, 284, 
327 

Myrmeciton, 406 

Myrmecoblatta, 393 

Myrmecocystus, 27, 161, 285, 287-288, 348, 
390 

Myrmecodia, 51-52 

Myrmecophila, 402 

myrmecophiles, 389. See also social symbiosis 

myrmecophytes, 48-55 

Myrmecopria, 400 

Myrmecorhynchini, 28 

Mvyrmecoscaphiella, 392 

Myrmecozela, 398 

Myrmelachista, 257 

Myrmetes, 396 

Myrmica, 37-40, 146. 163, 261, 276-277, 281, 
352, 415-416, 424, 432, 447, 451, 453, 455: 
brevinodis, 240, 371-372; canadensis, 371: 
laevinodis, 37, 148, 352, 429; lemasnei, 352: 
lobicornis, 352; “macrogyna,” 148, 457; 
“microgyna,” 148, 457; myrmecophila, 352: 
myrmecoxena, 352: rubra, 37-40, 148, 151, 
157, 165, 263, 286, 341, 442, 444: ruginodis, 
37, 148-152, 155, 164, 211-212, 250, 276, 
335, 427, 436, 441, 444, 446, 450, 452, 455, 
457; rugulosa, 352; sabuleti, 352: scabri- 
cornis, 352; scabrinodis, 448, 452; schencki, 
436: striolagaster. 352: sulcinodis, 352 

Myrmicaria, 239, 311 

Myrmicholeva, 395 


Myrmicina, 332, 437 

Myrmicinae, 28-29, 37-50, 140, 146, 242, 258, 
261, 285, 289, 360 

Myrmicini, 29 

Myrmicocrypta, 51 

Myrmoteras, 28, 146 

Myrmoteratini, 28 

myrmoxenes, 390 

Myrmoxenus, 353 

Myzus, 72 


Naarman, Hiltrud, 287 

Nadiva, 394 

Nakadaira, J. T., 330 

Napochus, 405 

Nasanov glands, 206, 235-236, 245-246, 247, 
266, 275, 289 

Nassanoff glands, see Nasanov glands 

nasus, 188-189 

Nasutapis, 383 

nasute soldiers, 188-189, 238 

Nasutimimus, 400 

Nasutitermes, 104, 109, 184, 188, 229, 238, 
241, 259, 275, 321, 348, 393, 408, 439-440, 
444 

Nasutitermitinae, 106, 188, 195-196, 391 

natural selection, units, 320-321. See also col- 
ony selection; fitness; group selection; kin- 
ship; sib selection 

Naumann, M. G., 9, 436 

Nausibius, 396 

necrophoric behavior, 278-279 

Necrophorus, 123, 128-130, 135 

nectar, 207 

nectaries, 36, 50, 53, 55 

Nectarina, 9 

Nedel, J. O., 204, 260 

Neese, V., 199, 209 

Neivamyrmex, 67, 69, 141, 246, 257, 389, 394, 
401, 406, 415-416, 436 

Nel, J. J. C., 450 

Nemadus, 395 

nematodes, 389-390 

Neocapritermes, 187 

Neodiprion, 130 

Neoparasitidae, 392 

Neotermes, 430-431, 440, 442 

Nepharinus, 396 

Nepharis, 396 

neral, 237 

nerolic acid, 236, 245 

nervous system, 178-179, 209 

nest cleaning, 80, 99, 163, 278-279 

nest construction, 27, 163, 204, 221, 224-225, 
234, 259, 278, 313 

nest odor, 234, 246, 272-277 

nest parasitism, termites, 386-387 

nest robbing, see cleptobiosis 

nest site, density factor, 311, 439, 441, 455 

nest temperature, see thermoregulation 

nests, of ants, 27, 36, 47, 48-55, 69, 71, 163, 
221, 224-225, 228-229, 231, 278-279, 441, 
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444, 455; of beetles, 123-130; of crickets, 
122-123; of social bees, 80, 82, 83-84, 
85-87, 90-92, 96, 204, 224, 231, 234, 278, 
337, 419; of social spiders, 130-134; of so- 
cial wasps, 15-18, 20, 24, 25, 224, 228, 419; 
of termites, 112-119, 228-232, 460; role in 
social evolution, 135, 328; role in thermo- 
regulation, 307-316 

Neuroctenus, 121 

neurons, CNS, 219-220; sensory, 202, 204; 
structure, 219-220 

neurophysiology, 209, 218-220, 222-224, 244 

neuropile, brain, 220 

Neuroptera, 394 

neurosis, honeybees, 271 

New Caledonia, fauna, 138 

New Zealand, fauna, 456 

niche concept, 454 

Nicoletiidae, 62, 393 

Nielsen, R. A., 178-179 

Nitidulidae, 390-391, 396 

nitrogen, in nutrition, 316 

Nixon, G. E. J., 421, 423 

Nixon, H. L., 274, 290 

Nocticola, 394 

Nocticolidae, 394 

Nogueira-Neto, P., 90, 92, 221, 310, 339, 438, 
455, 457 

Noirot, C., 4, 104, 108, 118-119, 183-186, 
188, 190, 195-196, 232, 259, 262, 289-290, 
298, 315, 338, 440, 444-445, 455 

Noirot-Timothée, Cécile, 259 

Nolan, W. J., 176, 431 

Noll, J., 168 

nomadism, army ants, 65-66 

Nomamyrmex, 67, 69 

Nomia, 100 

Nomiinae, 100 

Nomura, T., 303 

nonanone, 240 

Noonilla, 67 

Nopoiulus, 293 

Nørgaard, E., 120, 133 

Norris, Maud J., see Richards 

Nothoblatta, 393 

Nothoblattidae, 393 

Nothomyrmecia, 30, 31, 72 

Notocoelis, 396 

Notocyphus, 22 

Notoncus, 33, 36 

Nototarus, 394 

Novapus, 396 

Novikoff, A. B., 318 

nucleic acids, caste factor, 153, 173-174 

Nunberg, Marian, 127 

nuptial flights, see reproductive behavior 

nursing, see brood care 

nutrition, caste, see trophogenesis 

nutritional castration, 180, 300 

Nutting, W. L., 119, 184, 321, 439, 451, 456 

nymph, termite, 183, 245 

Nymphidium, 398 

nymphoid reproductive, 184 


Obtusitermes, 188 

ocellus, 202 

Ochetomyrmecini, 29, 47-48 

Ochetomyrmex, 47 

octanol, 240 

octanone, 240 

Odhiambo, T. R., 120, 122 

Odontomachini, 29 

Odontomachus, 72, 185, 397, 454 

Odontotermes, 109, 118, 119, 187, 394, 397, 
439, 456 

Odontoxenia, 399 

odor, see colony odor; olfaction; pheromone 

odor trails, see trails 

Oecobiidae, 131, 134 

Oecobius, 134 

Oecophylla, 27, 141, 142-143, 148, 153-154, 
161, 163, 229, 231, 325-326, 398, 420, 423, 
425, 445, 451-452 

Oecophyllini, 29 

oecotrophobiosis, see trophallaxis 

Ohaus, F., 123 

Oke, C., 397 

Økland, F., 163, 261 

Olberg, G., 120, 377 

olfaction, ants, 212-213; bumblebees, 248; 
honeybees, 198, 206-207, 248, 267-268, 
274; termites, 215, 229 

oligogyny, 331-332 

Oligomyrmex, 142, 158, 285 

Omaspides, 123 

ommatidia, 198-199, 210 

Oncopodura, 393 

Oncopoduridae, 393 

Oniki, Y., 92, 284, 295 

Onychomyrmex, 67, 68, 139 

Oochrotus, 397 

Oonopidae, 392 

Oonops, 392 

oophagy, 280-281, 299-302, 332. See also 
trophic egg 

Opfinger, Elisabeth, 206 

Ophthalmopone, 66, 447 

Opisthopsis, 210 

opportunistic colonies, 311 

opportunistic species, 327, 444, 447, 450 

optimal mix, castes, 342 

optimization, evolution, 336-348, 441, 458 

Ordway, Ellen, 167, 381 

Orectognathus, 141 

Orectoscelis, 396 

organic acids, 173, 279. See also hydroxy- 
decenoic acid, queen substance 

organism, definition, 317 

Oriental hornet, see Vespa orientalis 

orientation, see behavior; communication; 
hearing; homing; light-compass orienta- 
tion; olfaction; recruitment; sun-compass 
orientation; trails; vision 

Ormerod, E. L., 21 

Orösi-Päl, Z., 176 

Orthocarpus, 50 

Orthogonius, 394 


Orthoptera, 120. See also Gryllidae: Gryllo- 
talpinae; locusts 

Orycteropus, 389 

Osanai, M., 174 

osmotropotaxis, 206-207, 2 

Otto, D., 161, 163-164. 214, 
325, 341 

Oulopterveidae, 394 

Oulopteryx, 394 

ovarian development, 277. 281. 304, 442: 
dominance factor. 300-302, 304 

oviposition, 118-119, 152, 170-172, 179-180. 
317, 333, 441-442 

ovisorption, caste factor. 154, 163 

Oxybelinae, 125 

Oxyepoecus, 354 

oxygen exchange, nests, see ventilation 

Oxygyne, 359 

Oxyopomyrmex, 48 

Oxyporinae, 125 
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Pachycoris, 121 

Pachypodistes, 398, 425 

Pachysima, 289. 409 

Pachysomoides, 242 

Paedalgus, 210, 289 

Pain, Janine, 133, 246 

Painter, T. S., 173 

Paltothyreus, 66, 275 

panchreston, 282 

Pandazis, G., 222-223 

paper wasps. see Polistes 

parabiosis, 257, 357, 361, 373-374 

Parabystus, 395 

Paracolobopsis, 158 

Paracornitermes, 188 

Paracryptocerus, 142-143, 159-161. 280. 348 

parakeets, symbiosis, 389 

Paralimulodes, 401 

Paramyrmica, 352, 359-360 

Paraneotermes, 439 

Paraplastocerus, 399 

Parapolvbia, 9 

parasite alarm, wasps, 242 

Parasitendorn, 375 

Parasitidae, 392 

parasitism, see social symbiosis 

parasitism, social factor, 338 

parasitoid behavior, 377 

Parasitus, 392 

parasocial, definition, 4 

parasocial theory, origin of societies, 99-102 

parasol ants, see Atta 

Paratrechina, 30, 257, 311, 422, 437-439, 447, 
449 

Paravespula, 19. See also Vespula 

Pardi, L., 7, 9, 12, 21, 281, 299-300 

parental behavior, distribution in Arthropoda, 
120-121; in beetles, 123-130; in crickets, 
122-123; in Hemiptera, 121-122: in Homop- 
tera, 121-122; in spiders, 120, 130-134: in 
wasps, 21-26. See also brood care 

Parischnogaster, 13, 24 
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Park. O., 395-396, 413-414 

Park. W.. 307, 309 

Parker. G. H.. 243 

Parker J. R 121 

Parsons, P. A., 459 

parthenogenesis. 148, 324-327: social effects. 
327-334 


partially claustral colony founding, 36-37. 72. 


pen) 


Passalactis, 398 

Passalidae, 123, 135 

Passalus, see Popilius 

Passera, L., 154, 281. 304-305. 333, 339, 376- 
377 

Pasteels. J. M., 185, 259, 395, 402-403 

pathological variants, 136, 137 

Paton. Patricia N.. 304 

Patrizi, S., 395 

patrolling. 163. 175-176 

Paulian, R.. 395-396 

Paussidae. 395, 409 

Paussus, 405 

Pavan. M.. 235-236. 240. 257 

Pavan’s gland. 235-236. 257. 289 

pavement ant, see Tetramorium (caespitum) 

Pavlovian training, 197-198 

Peacock, A. D., 40-41, 153, 277. 304. 429 

Pearl. R.. 427 

Pearse, A. S.. 124 

Pechän. I.. 174 

Pechlaner. E.. 436 

Pemphredonini, 25 

penicin, 154 

Pentatomidae, 121-122 

Pérez: 7299 

Perga, 130 

Pericapritermes, 109. 186-187 

Perilampidae, 400, 418 

permanent parasitism. 358 

Perrelet, A., 199 

Petersen, B.. 67 

petiole. communicative function. 405-406 

Pflumm, W. 219 

Phacota, 354 

Phaenopria, 400 

phagostimulants, plant, 130 

Pharaoh’s ant. 40-41 

pharyngeal glands, see hypopharyngeal 
glands 

Phaulomyrma, 67 

Pheidole, 48, 137, 141, 142-143, 145. 147. 152. 
154, 155-156, 157, 158, 163, 221. 257, 330, 
343, 348, 332-355. 364, 396. 437. 447. 449, 
451. 456 

Pheidologeton, 48. 437, 439 

phenylacetic acid, 45, 275 

pheromone cvcle, 303 

pheromones, 218, 233-235, 238; active space, 
238-239: aggregation, 128. 129: alarm, 188, 


235-242, 275: assembly, 244-246: attraction. 


234, 244-246; caste, 112, 172, 183, 190-193, 
196. 302-305: colony odor. 272-277: facilita- 
tion, 297; larval, 289: molecular weight. 


238: primer. 297: Q K ratio, 238-239; rec- 
ognition, 272. 277-278: recruitment. 179, 
235-226: regurgitation, 272, 291: in repro- 
ductive cycle, 64, 234, 246. See also queen 
substance: trails 

Philanthus, 220 

Philomessor, 395 

Philophlaeus, 394 

Phloeophana, 122 

Phoridae, 163, 399-400, 410, 414 

Phormia, 234 

Phorticolea, 393 

phototanis. 215 

phragmocvttarous nests. 16 

phragmosis. 158, 187 

Phrenapates, 123-124 

Phrurolithus, 392 

phthisaner. 137 

phthisogyne. 137 

Phyllomorpha, 121 

Physea, 395 

phvsogastry. 60, 114. 116-117. 185, 246, 350, 
375. 407-408 

Phytodecta, 123 

Pickens, A. L.. 190 

Pickles, W.. 446 

Pieridae. 398 

Piéron, H.. 250 

Pietschker, H.. 222 

pinchers, see mandibles 

pinenes, 188. 238, 241 

piping. honeybee. 203. 278 

Pisarski. B.. 353, 370 

Pison, 331 

Pixell-Goodrich. Helen L. M.. 428 

Plagiolepidini, 29 

Plagiolepis, 29. 154, 281, 305. 339, 355-336, 
374, 376, 397-398 

Planodiscidae, 392 

plant lice. see aphids 

Plastocerontus, 408 

Plastopolypus, 398, 408-409 

Plataspididae, 424 

Plateaux-Quénu, Cécile, 79-83, 99, 102, 167- 
168. 273, 284, 301-302, 305, 328, 382. 429, 
438. 440 

Plath, O. E.. 78. 171. 281, 310, 383-385, 396 

Platvarthrus, 392 

Platycholeus, 395 

Platypodidae, 123, 135 

Platystethus, 123. Ds, 135 

Plary thyrea, 436 

Platythyreini, 29. 32 

play, 218 

Plebeia, 92, 457 

pleometrosis, see polvavny 

plerergate, 137 

plesiobiosis, 351 

Pleuropterus, 405 

Pliny, 94 

Plowright, R. C.. 78, 171 

Pisek, R. W., 389, 394 

pocket-maker bumblebees, 87, 171 


Pogonomyrmex, 1, 32-33, 48, 158, 214, 240, 
242-243, 281, 311, 357, 395, 451; anergis- 
mus, 352, 359; badius, 1, 45, 237-238, 246, 
247, 271, 278, 285, 321, 341, 436; barbatus, 
279, 436, 443; occidentalis, 243 

Pogonoxenus, 405 

Pohl, L., 393, 410 : 

poison gland, 145, 235-238, 257 

Poisson, R., 394-395, 399 

polarization, trails, 250 

polarized light, perception, 198, 200, 211 

Polistes, 8-12, 24, 166, 179-180, 182, 224, 238, 
242, 273, 277, 280, 281, 284, 295, 297, 299- 
302, 310, 332-333, 434, 440, 443, 460; aterri- 
mus, 378; atrimandularis, 378-380; bimacu- 
latus, 378; canadensis, 9-12, 180, 242, 300, 
435; carnifex, 435; chinensis, 299; crinitus, 
435; exclamans, 180, 325; fadwigae, 9, 166, 
181, 280, 299, 333, 379, 429, 451; fuscatus, 
8-12, 180, 242, 300; gallicus, 9, 299-302, 
331, 333, 378; macrocephalus, 378; nimpha, 
378; omissus, 378; perplexus, 378; seme- 
nowi, 378-380; sulcifer, 378-380 

Polistinae, 8-18, 222, 262, 378-381 

pollen, as food, 75-76, 173, 208, 248 

pollen-storer bumblebees, 87 

pollination, 50, 248 

Polybia, 9, 15-18, 24, 228, 310, 321, 337, 393, 
435 

Polybiini, 8-9, 12-18, 179-181, 284, 332, 336- 
337, 340, 389, 394, 418, 423, 434, 441-442, 
444 

Polybioides, 9 

Polydesmus, 393 

Polyergus, 66, 221, 297, 341, 357-358, 364, 
367-369, 372 

polyethism, see division of labor 

polyethism curves, 162 

polygyny, 82, 322-324, 331-333, 442; control, 
331-332; evolutionary origin, 12, 323-324, 
331-333; social symbiosis, 374 

polymastigote flagellates, 103 

polymorphism, see caste 

polyphenism, definition, 136 

Polyrhachis, 27, 398, 438-439 

Polyxenus, 393 

Pompilidae, 22, 377 

Ponera, 32 

Ponerinae, 28-30, 33, 67, 68, 136, 242, 258, 
289, 360, 391, 436, 447 

Ponerini, 29 

poneroid complex, ants, 72-74, 285, 327 

Pontin, A. J., 453-455 

Popilius, 123 

population, 426-457; competition, 447-456; 
dispersal, 456-457; dynamics, 426-446, 
458-459; effective size (genetic), 323-324; 
growth, 422, 430-444, 452-455; homeosta- 
sis, 446; optimal density, 296, 444; optimal 
size, 336-338; species diversity, 452-456; 
survivorship, 426-430, 443-446; territory, 
1-2, 234, 364, 447-452; viscosity, 333 

Porcellionidae, 392 
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pore plate, see sensillum placodeum 

Porotermitinae, 259 

Portevin, G., 395 

Porthetria, 148 

Portier, P., 245 

Portocarrero, C. A., 257 

Portugal-Araüjo, V. de, 311, 382 

positive feedback, 270-271 

postcerebral glands, see labial glands 

postgenal glands, see hypostomal glands 

postpharyngeal glands, 164, 235, 287-288, 
350 


postpleural glands, 403 

poststernal glands, 403 

pouch-maker bumblebees, 87, 171 

Poulton, E. B., 398, 422-423 

Pourouma, 51-52 

Pouvreau, A., 78, 398 

predation, 2, 14, 20-21, 27, 36, 56-58, 65-66, 
73-74, 133, 164, 247, 293, 364, 375, 389, 
413, 447 

Prenolepis, 36, 285, 330, 332, 438, 445, 448- 
449 

presocial behavior, 4-5, 120-135; evolution- 
ary origin, 122-123, 134-135 

presocial insects, 120-135 

presoldier, 184 

Pricer, J. L., 438 

primates, 458-460 

primer pheromones, 234 

Principi, Maria Matilde, 394 

Princis, K., 393-394 

Prionomyrmex, 31 

Prionopelta, 436 

Pristomyrmex, 437, 454 

probability matrix, 227-229 

Probeyeria, 411, 415 

Proceratium, 27 

Procornitermes, 188 

proctodeal food, termites, 289 

proctodeal trophallaxis, 185, 190-192, 289- 
290 

Proctor, J. R., 139 

Prodicroaspis, 138 

productivity, social factor, 337-339, 342-348, 
454-455 

profertile substances, caste, 304 

Proformica, 161, 262, 285-287, 357, 369 

progressive provisioning, 21-24, 101-102 

Promeranoplus, 138 

Promyrmecia, 35 

propaganda substances, 366 

propionic acid, 239 

propolis, 90, 91-92 

Prorhinotermes, 114, 193 

Prosoetomilichia, 399 

Prosthetosoma, 399, 408 

protectionist theory, myrmecophytism, 53-55 

proteinases, in ant feces, 44-45 

proteins, nutrition, 282-283, 291 

Protermes, 187 

prothoracic gland, 155 

Protobombus, 85 


Protohamitermes, 114 
Protopolybia, 435 

protozoans, see symbiosis (digestive) 
Protura, 223 

proventriculus, 285-286 
Provespa, 9 

Pselaphidae, 395, 409 
Pseudacanthotermes, 118, 187 
Pseudaugochloropsis, 101, 166, 181, 338, 438 
pseudergate, 184, 190-194 
Pseudoatta, 355 

pseudobody, 408 
Pseudocephalini, 135 
Pseudochartergus, 9, 18, 435 
Pseudococcidae, 123-124, 394, 419, 421 
Pseudococcus, 123-124 
Pseudocolobopsis, 158 
Pseudohypocera, 399 
Pseudolasius, 143, 437, 439 
Pseudomesomphalia, 123 
Pseudomyrmecinae, 28, 258, 285 
Pseudomyrmex, 53-55, 451, 456-457 
Pseudopolistes, 380 
Pseudopolybia, 9 
Pseudoscorpionida, 120, 392 
pseudosoldier, 184 
Pseudotrechus, 394 

Psithyrus, 85, 383, 385-386 
Psocoptera, 394 

Psychodidae, 398 

pterergate, 137, 151 
Pterotermes, 439 

Ptiliidae, 395 

Ptilocerus, 394, 413-414 
Ptinidae, 396, 409 
Ptomaphaginus, 395 
Ptomaphagus, 395 

Pukowski, Erna, 129-130 
Pulvinister, 396 

pupae, social role, 165 

pupoid male, 374-375 
pycnogonids, 120 

Pyemotidae, 392 

Pyralidae, 398 


Q/K ratio, 238 

quacking, honeybee, 203, 278 

quasisocial groups, 5; bees, 100; wasps, 179 

Quedius, 395 

queen, ants, 138, 145-146, 157, 214, 221-222, 
310-311, 320; social bees, 166, 171-172, 
177, 221-222, 278; termites, 116, 184; 
wasps, 166, 221-222 

queen altruism, 322-324 

queen control, 12, 88, 92-93, 96, 151-153, 
166, 167, 182, 190-193, 218, 246, 277-278, 
298, 299-305, 316, 321, 328, 331-333, 350; 
in parasitism, 376-377 

queen selection, genetics, see colony selec- 
tion 

queen substance, 303-305, 316; ants, 151- 
152, 246, 304-305, 350, 375; honeybees, 96, 
166, 172, 206, 218, 246, 277, 294-295, 298, 


303-304; halictine bees, 305; termites, 190- 
194, 298, 304, 316; wasps, 305 
Quénu, Cécile, 168; see also Plateaux-Quénu 
Quilico, A., 239 
quinone, 187 


radioactive tracers, 287-291, 333, 415 

Raffy, Anne, 245 

Raignier, A., 1, 70-71, 312, 320, 457 

rain forest ants, 311, 439, 441 

Rao, S. N., 120 

rare species, characteristics, 323-324, 358, 374 

Ratcliffe, F. N., 103, 112, 279-280, 314, 316, 
444 

Raul 12, 21, 273, 321, 3337436 

Rayment, T., 169, 177, 284 

Rayward, A. L., 424 

Réaumur, R. A. F. de, 281, 451 

rearing techniques, see culturing techniques 

recognition, 182, 272, 404-408, 415-417, 459 

recruitment, 179, 247-271 ` 

rectinidal combs, 16 

reductionism, behavioral biology, 221 

Reduviidae, 121-122, 394, 413-414 

reflexes, 221, 226 

refuse pile, 279 

Regnier, F. E., 212-213, 236-237, 239-240, 
365-366 

regressive molting, 183, 191, 193 

regurgitation, see trophallaxis 

Rehn, J. A. G., 393 

Reichardt, A., 397 

Reichardt, H., 396 

Reichenbach, H., 325 

Reichensperger, A., 282, 395-396 

Reichenspergeria, 397 

Reichle, F., 215 

Reichson, J. M., 246 

Reitter, E., 396 

Reizwirksamkeit, vision, 199 . 

releaser pheromones, 234 

releasers, behavior, 233~234 

Rembold, H., 173, 174 : 

Renner, M., 206, 236, 245-246, 247, 272, 275 

replacement reproductives, ants, 41, 445; 
bees, 92, 101; termites, 184, 190-194, 445; 
wasps, 13 

repletes, 161, 285-288 

reproductive behavior, ants, 36, 38, 65, 157, 
210, 214, 222, 324-326, 330, 374, 423, 456- 
457; bees, 87-88, 92, 98, 182, 234, 246, 330; 
termites, 113, 115, 184, 279-280, 321, 386- 
387; wasps, 12; social parasites, 374 

reproductive cycle, army ants, 59-64 

reproductivity, measurement, 337 

Restmissweisung, orientation, 208, 214 

Reticulitermes, 184, 185, 193-194, 213, 260, 
280, 294, 430, 456 

retinal, 198-199 

Rettenmeyer, C. W., 55-65, 262, 279-280, 
285, 298, 337, 389, 392-393, 395, 399, 400- 
402, 410-412, 415 

Rettenmeyeria, 392 


Index 544 


Revellia, 424 

reversal, social evolution, 102, 337-338 

Reyne, A., 422 

thabdom, 198-199 

rhabdomere, 198-199 

Rhein, W. von, 172, 174 

Rhinocoris, 121-122 

Rhinotermes, 187, 394 

Rhinotermitidae, 109, 114, 187, 289-290, 315, 
439, 445, 456 

Rhipiphoridae, 397 

Rhizophagidae, 396 

Rhopalomelus, 394 

Rhopalothrix, 437 

Rhoptromyrmex, 146, 359 

Rhozites, 44 

Rhynchotermes, 188-189 

Rhysopaussus, 397 

Rhytidoponera, 214, 436, 454 

Ribbands, C. R., 94, 173, 175, 201, 203, 206, 
235, 245, 273-275, 290, 307-308, 335, 430, 
438 

Richard, G., 215 

Richards, K. W., 383 

Richards, Maud J., 5, 9, 12, 14-18, 180, 332- 
333, 336, 342, 432-433, 435, 441-442, 447 

Richards, O. W., 5, 7, 9, 12, 14-18, 78, 170, 
180, 226, 328, 332-333, 336-337, 342, 384, 
386, 432-433, 435, 441-442, 447 

Riodinidae, 398, 424 

Ritcher, P. O., 124 

Ritchie, J., 429, 436 

ritualization, 247, 262-266, 279-280 

RNA, caste factor, 153, 173-174 

roaches, see Blattaria 

robber honeybees, 273 

robbing, nest, see cleptobiosis 

Roberts, R. B., 100 

Robertson, Phyllis L., 239 

rocks, in thermoregulation, 311, 455 

Rockstein, M., 428 

Rodrigues, Vilma Maule, 378 

Roepke, W., 398, 423 

Rohlf, F. J., 266-267 

Ronchetti, G., 235 

Roonwal, M. L., 105, 107, 109, 119, 437 

Ropalidia, 2, 9, 179, 435 

Rösch, G. A., 174-176, 245, 272-273, 284, 430 

Ross, G. N., 257 

Rossomyrmex, 262, 357-358, 369 

Roth, L. M., 120, 279, 393-394 

Roth, M., 307 

Rothenbuhler, W. C., 95, 324 

Roubaud, E., 7, 13, 21, 98-99, 179, 281-282, 
284 

round dance, 265, 268, 270 

royal cells, 117, 119, 172 

royal jelly, 172-174, 284 

royal jelly acid, 173 

Rozen, J. G., 381 

Rozites, 44 

r-selection, 442 

Rucktanz, 270 


Rugitermes, 114 
Rumpeltanz, 270 
Ruppli, E., 192 
Ruzsky, M., 353 
Ryparus, 396 


Sabrosky, C. W., 327 

Safford, W. E., 53 

Saissetia, 423 

Sakagami, S. F., 75, 78, 79, 92-93, 100, 101, 
168-169, 170, 175, 182, 232, 277, 280-281, 
284, 295, 297-298, 302, 305, 321, 341, 367, 
378-379, 382, 427-428, 431, 442 

Salamuni, R., 99 

salivary gland complex, bees, 172-173 

salivary glands, ant larvae, 289; ant adults, 
see labial glands; termites, 185, 187, 289; 
wasp larvae, 283 

salivary secretions, 172-173, 185, 227, 281- 
284 

Sallee, R. M., 364, 444 

Salt, G., 392-393, 395-397, 399, 418-419, 423 

Sanders, Elizabeth P., 103, 119 

Sandias, Andrea, 188, 244, 281 

Sands, W. A., 104, 109, 118, 229, 439, 445 

Santos Netos, G. R. dos, 179, 430 

Santschi, F., 66, 156, 211, 330, 354-355, 362- 
363, 366 

Santschiella, 210 

Satir, P., 259 

Saussure, H. de, 16-17, 21 

Savage, T. S., 71 

sawflies, 130, 135 

Saxinis, 397 

scale insects, see Coccidae 

scape, 205 

Scarabaeidae, 123-125, 135, 212, 390, 396, 
405 

Scarabaeus, 124 

Schaller, F., 120 

Sched], K. E., 120, 127-128 

Scherba, G., 312, 322-323, 330, 362, 364, 389, 
444, 446, 451 

Scheven, J., 378-380 

Schifferer, Getraud, 211 

Schildknecht, H., 45, 275 

Schimper, A. F. W., 53 

Schjelderup-Ebbe, T., 2997 

Schmid, J., 270 

Schmidberger, J., 125 

Schmidt, Anneliese, 213 

Schmidt, G. H., 155 

Schmidt, R. S., 232 

Schmitz, H., 399 

Schneider, D., 206 

Schneider, W., 203 

Schneirla, T. C., 55-65, 154, 216-217, 221, 
225-226, 280, 282, 285, 313-315, 318, 446 

Schoblia, 392 

Schobliidae, 392 

Schon, A., 202 

Schöne, H., 120 

Schorr, Hildegard, 120 


Schreiner, J., 124 

Schricker, B., 202 

Schubart, O., 120 

Schwarz, E. A., 131 

Schwarz, H. F., 78, 90, 310, 382, 435 

Schwarz, J., 305 

Schwarz, R., 206 | 

Schwirrlauf, communication, 270-271 

Sciara, 398 

Sciaridae, 398 

Scleroderma, 74 

sclerodermoid theory, origin of ants, 74 

Scolioidea, 7, 21, 24 

scolopoid sensillum, 202-203 

Scolytidae, 123, 125, 127-128, 135 

Scolytoidea, 123, 125, 127-128, 135 

Scolytoproctus, 127, 135 

scorpions, 120 

Scotocryptus, 395 

Scott, H., 120, 396, 443 

Scott, K. G., 280, 316 

Scutacaridae, 392 

Scutellaridae, 121 

Scydmaenidae, 395, 405 

Scyphodon, 67 

Sebeok, T. A., 235 

Seevers, C. H., 395, 402, 405-407, 409-410 

Séguy, E., 398-399 

Sekiguchi, K., 175 

Seladonia, 75 

selection, natural, 320-321. See also colony 
selection; fitness; group selection; kinship; 
sib selection 

selection units, see units 

Selenis, 123 

“selfish altruism,” 334 

selfish behavior, see altruism 

Selman, B. J., 397 

semisocial, definition, 4-5 

semisocial groups, 5; of bees, 99-102, 167; of 
wasps, 100 

senescence, colonies, 14, 18, 116, 445; indi- 
viduals, 427-428 

senses, ant, 202, 209-215; honeybee, 197- 
209; termites, 215; wasps, 203, 215 

sensillum, 202-205, 213; ampullaceum, 204- 
206; basiconicum, 204-205, 207; campani- 
formium, 204; coeloconicum, 204-206, 
409; placodium, 204-206; scolopoid, 202- 
203; trichodeum, 204-205 

Seopsis, 394 

Sericomyrmex, 51, 355, 372-373, 437 

Sernander, R., 48 

Serritermes, 105 

Serritermitidae, 105 

Serroderus, 393 

Serviformica, 362 

sex determination, 324-327 

sexual behavior, see reproductive behavior 

shaking, communication, 250, 271. See also 
tactile communication 

shampoo ant, 371-372 

Shannon, C. E., 255 
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Shear, W. A., 130-134 

Shearer, D. A., 236, 245 

Shelford, R., 393 

Shida, T., 379 

Shuel, R. W., 172-174 

Shulov, A., 19-21, 434 

sib selection, 119, 322, 458 

sibling species, 457 

sickle dance, 265, 268 

Siebold, C. T. von, 333 

Sifolinia, 352, 373 

sigmoid curve, growth, 431 

signals, 458. See also communication 

signposts, chemical, 247-248. See also foot- 
print substance 

Silphidae, 123, 128-130, 405 

Silvanidae, 123-124, 423 

Silvestri, F., 109, 394, 396-399, 408-409 

Simberloff, D. S., 456 

Simôes de Mattos, N., 260 

Simon, E., 131-132 

Simopelta, 67, 68, 139 

Simpson, J., 173, 236, 246, 247, 278, 303 

Sisyphus, 124 

size distribution, castes, 140, 168-169 

Sjôstedt, Y., 109 

Skaife, S. H., 35, 83-85, 115-117, 194-195, 
277, 284, 387, 429, 439-440, 445 

skatole, 145 

Skellam, J. G., 139 

Skwarra, Elisabeth, 38, 53 

Sladen, F. W. L., 78, 85, 171, 245, 383-385 

slavery, ants, 249, 262, 320, 353-354, 357-358, 
364-371 

Slobodkin, L. B., 426-428 

Smeathman, H., 118, 243-244 

smell, see olfaction 

Smith, Falconer, 140, 398 

Smith, M. R., 30, 32, 33, 40, 451 

snapping soldiers, 187 

Snodgrass, R. E., 94, 235 

Snyder, T. E., 104, 105, 109, 244, 430, 440 

social behaviors, classification, 4-6; genetic 
basis, 320-335; origins, 21-26, 98-102, 119, 
120-121 

social convention, 299 

social donorism, 321. See also altruism 

social evolution, optimization, 336-348 

social facilitation, 297-298 

social homeostasis, 283-284, 290, 306-317, 
338, 341 

social inhibition, 297-298 

social insect, definition, 5, 120 

social parasitism, see social symbiosis 

social physiology, 296 

social stomach, see crop 

social symbiosis, 138, 285, 305, 349-425; clepto- 
parasitism, 351, 381-383; communication, 
404-418, 420-425; evolution, 360-361; in- 
quilinism, 374-377, 379-381, 383-385, 387- 
388, 389-425; nest parasitism, 386-387; 
parabiosis, 373-374; slavery (dulosis), 364- 
371; temporary parasitism, 361-364, 379; 


trophic parasitism, 373; trophobiosis, 419- 
425; xenobiosis, 371-373 

socialization, 459-460 

society, definition, 5-6, 120 

sociobiology, comparative, 458-460 

sociotomy, 262. See also budding 

soil, turning by ants and termites, 1 

soldier, ants, 137-138, 145, 147, 157-160, 221,. 
273, 321, 343-348, 447; social bees, 169- 
170; termites, 184, 186-188, 191, 238, 273, 
320, 321; ergonomic role, 343-348 

Solenopsia, 400 

Solenopsidini, 33 

Solenopsis, 161, 168, 242, 311, 320, 348, 354- 
355, 364, 398, 400, 447, 449, 451; acuminata, 
354; clytemnestra, 355; daguerrei, 354; 
fugax, 35T, geminata, 251, 257, 297, 447- 
448, 451, 454; globularia, 452; molesta, 357; 
saevissima, 45, 157, 160, 210, 213, 218, 234, 
238, 246, 248-250, 252-258, 279-280, 298, 
316-317, 321, 331-332, 339-340, 354-355, 
448-450, 454, 456; solenopsidis, 355; xyloni, 
251 

solitary bees, 75, 99 

Solomon, 48 

Sommimyrma, 252 

Soulié, M., 214, 276, 327, 339 

sound communication, see auditory commu- 
nication 

spacing, nests, 450. See also territory 

Spangler, H. G., 243 

spasmodic dance, 270 

speciation, social parasites, 360 

species diversity, 452-456 

Specific Alarm, termites, 244 

Speculitermes, 395 

Speirs, Nancy, 245 

Spencer, H., 147, 317 

Spercheus, 123 

spermatozoan counts, in ants, 45, 330; in 
honeybees, 330 

Sphaerotermes, 118 

Sphallomorpha, 389, 394 

Sphecodes, 76, 81, 383 

Sphecoidea, 7, 22-26, 377 

Sphecomyrma, 28, 31-32, 34, 72, 108, 327 

Sphecomyrminae, 28 

Sphecophila, 393 

sphecophiles, 389, 418-419 

Sphinctomyrmecini, 29 

spiders, 120, 130-134 

Spieth, H. T., 297 

spinster hypothesis, 333 

Spirachtha, 407-408 

Spirachthodes, 407 

spittle insects, see Cercopidae 

Spradbery, J. P., 31, 179-181, 215, 283, 284, 
301, 305, 442 

Springhetti, A., 192 

Spurway, Helen, 253, 256 

Squamiferidae, 392 

stability, see homeostasis; population 
(growth, homeostasis) 


Stäger, R., 120, 289, 292-293, 354, 372 

Stahel, G., 43, 47 

Staphylinidae, parental behavior, 123, 125; 
social symbiosis, 391, 395, 400, 402-408, 
410-411 

Statham, Marjorie, 396 

Stebbins, G. L., 459 

Steche, W., 267-269 

Stegaspis, 422 

Steiger, U., 220 

Steiner, A., 310, 312 

Stelis, 381 

stelocyttarous nests, 16 

Stelopolybia, 180, 321, 435 

Stenachroia, 398 

Stenamma, 429, 437 

Stenitus, 393 

Stenogaster, 2, 8, 9, 23, 25, 232 

Stenogastrinae, 2, 8, 9, 13, 23-25, 181 

step experiment, 269 

sternal glands, 13, 259 

Sternocoelis, 396 

Steyn, J. J., 451 

Stictia, 23 

Stigmacros, 388 

stigmergy, 228-231 

stimulus effect, vision, 199 

sting, 236, 239, 321, 350, 384 

sting pheromone, 235-236 

stingless bees, see Meliponini 

Stizoides, 377 

stochastic theory, mass behavior, 226-228 

Stöckhert, E., 79 

Stoecker, Marieluise, 202 

Stolotermitinae, 259 

Stomaphis, 423 

stomodeal food, termites, 289 

stomodeal valve, 286 

storage pots, 86-87, 90-92 

Stort, A. C., 178-179 

straight run, waggle dance, 264 

Strassen, R. zur, 395 

stridulation, 124, 128, 234, 242-243 

strigilation, 402 

Strongylognathus, 66, 353, 358, 370-371, 373, 
376 

Strumigenys, 51, 279, 355, 360, 375-376, 437 

Stuart, A. M., 186, 229, 244, 258-259 

Stumper, R., 218, 246, 287, 349-351, 353-354, 
361, 372 

Sturdza, S. A., 247 

Sturtevant, A. H., 321-322, 369 

Stylodesmidae, 392 

Stylogaster, 399 

subgenual organ, 202-203, 211, 244 

subsocial behavior, see parental behavior 

subsocial theory, origin of societies, 21-25, 
98-99 

substitution, orientation cues, 212 

Subulitermes, 188 

Sudd, J. H., 130, 164, 229, 231, 258, 275, 318 

sugar-lerp, 419 

sugars, taste, 207, 213 
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Sulcopolistes, 380 

Sumichrast, Fr., 55 

sun-compass orientation, 208-209, 211-212, 
216 

Suomalainen, E., 326 

superorganism concept, 1, 282, 317-319 

supplementary reproductives, 184, 191 

surface pheromones, 245, 272 

survivorship, of colonies, 14, 114, 116, 440, 
442-446; of colony members, 101, 298, 
331, 426-430 

Swammerdam, J., 438 

swarm raiding, army ants, 56-59, 225-226 

swarming, honeybees, 96-98, 182, 218, 224, 
245-246, 247, 269-271, 278, 298 

sweat bees, see Halictidae 

switching response, predation, 227 

Sykes, W. H., 50 

Symbiomyrma, 352 

symbiosis, definition, 389n, digestive, 112, 
115, 185, 245; social, 146, 349-425 

Symbiotes, 397 

symbolism, waggle dance, 262 

Symmyrmica, 138, 354, 373 

Sympheidole, 352, 359 

symphiles, 390 

symphilic instincts, 413 

symphilic red, 403 

Symphyla, 120 

Symphyta, 130 

Synapis, 96 

Synaulis, 395 

synbranch eels, symbiosis, 389 

synechthrans, 390 

Synoeca, 9, 321 

synoeketes, 390 

Syntermes, 185, 186, 188, 195, 396 

Syrphidae, 399 

Szabö-Patay, J., 159-160 

Szlep, Raja, 250 


Taber, S., 330 : 

Tachigalia, 123-124, 423 

Tachinidae, 389, 399 

Tachys, 394 

Tachyura, 394 

tactile communication, 122, 131, 133, 233- 
234, 242, 267, 277, 289-291 

tactile sense, ants, 213; honeybees, 198, 204- 
205 

Tai, A., 213, 260 

tail-wagging dance, see waggle dance 

Talbot, Mary, 330, 332, 354, 366-368, 370, 
436-438, 444-445, 448-449, 457 

Tanaemyrmex, 143 

tandem running, ants, 248-249, 447; termites, 
113 

Tanner J. Es 325 

Taphroderini, 135 

Tapinoma, 40, 157, 211, 240, 250, 311, 362- 
363, 397 

Tapinomini, 28 

tarsal glands, 257 


tarsus, communicative function, 290, 424 

taste, ants, 213; honeybees, 198, 207 

Tatua, 9 

Tatuidris, 38n 

Taylor, L. H., 377-380 

Taylor, R. W., 32, 138, 142-143, 449, 451, 456 

Technomyrmex, 30 

Telenomus, 325 

Teleutomyrmex, 138, 349-351, 353, 374-375 

temperature regulation, see thermoregulation 

temperature sense, honeybees, 205-206 

temporal castes, 342-343. See also division of 
labor 

temporal rhythms, see circadian rhythms; 
time sense 

temporary social parasitism, 146, 356-358, 
361-363, 379 

Tenebrionidae, parental behavior, 123-124; 
social symbiosis, 397, 405, 409 

Tenuirostritermes, 184 

Teratosoma, 396, 405 

Terebrantia, 377 

Termes, 109, 186, 386-387, 392 

Termitadelphos, 398 

Termitaphididae, 394 

Termitaphis, 394 

Termitaradus, 394 

Termitella, 403, 406 

termites, 103-119; alarm communication, 
241, 243-244; cannibalism, 116, 279-280; 
caste, 183-196; classification, 105-110; col- 
ony size, 438-439; comparison with social 
Hymenoptera, 103-104; culturing, 109- 
110; diet, 104-105; dispersal, 456; evolution- 
ary origin, 103, 106-108, 315; grooming, 
295; origin of social behavior, 119; as prey, 
293, 447; sensory physiology, 215; social 
symbiosis, 386-388; survivorship, 430, 440; 
trails, 258-260; transport, 262; thermoregu- 
lation, 314-316 

Termitidae, 104, 107, 109, 114-119, 184, 186, 
194-196, 241, 258, 279-280, 290, 315-316, 
439, 445 

termitin, 154 

Termitococcidae, 394 

Termitococcus, 394 

Termitodipteron, 398 

Termitodius, 396 

Termitomastus, 399 

Termitomimus, 400 

Termitomyces, 104, 115, 117-118 

Termitomyia, 399 

Termitoniscus, 392 

termitophiles, 389 

Termitopone, 66, 257-258, 447 

Termitotrox, 396 

Termitoxenia, 399 

Termitoxeniidae, 399, 408 

terpenoids, 188, 237 

terpinolene, 241 

territory, 1-2, 234, 364, 447-452, 453 

Terron, G., 352 

Tetradonia, 411 


Tetramopria, 400, 405 

Tetramorium, 1, 48, 165, 211, 218, 257, 289, 
349-351, 353, 358, 370-371, 375-376, 396, 
400, 437, 447-448, 451 

Tetraplastocerus, 399, 408 

Tetraponera, 352 

Tevis, L., 48 

Thaumamannia, 394 

Thaumataerius, 396 

Thaumatoxena, 399, 409 

thelytoky, 325-327 

Theobald, N., 327 

Theope, 398 

theory, sociobiology, 427, 458-460 

Theridiidae, 131-133, 392 

thermoregulation, nests, 89, 205, 226, 306- 
315; 338; ants, 310-315; bumblebees, 310; 
halictine bees, 310; honeybees, 306-309; 
meliponine bees, 310; termites, 314-316; 
wasps, 306, 310 

thief ants, 357 

Thompson, Caroline B., 190 

thoracic glands, see labial glands 

Thoracotermes, 315 

thorax labial glands, 235 

Thorictidae, 396 

Thorictus, 405 

Thorpe, W. H., 217 

thrips, 120 

Thurm, U., 209 

Thymoites, 392 

Thysanoptera, 329 

Thysanura, brain, 223; social symbiosis, 393, 
400-402, 410 

tibial glands, 350 

Tidopterus, 393 

Tillyard, R. J., 103 

time sense, 208-209, 214-215 

Tineidae, 398, 408 

Tingidae, 121 

Tiphiidae, 7, 32 

Tivia, 393 

tooting, honeybee, 203, 278 

topochemical sense, 250-252 

Topoff, H. R., 389, 394 

Torgerson, R. L., 395, 415-416 

Torossian, C., 281, 285, 397, 415 

torutulin, 154 

totipotency, behavior, 221-222 

touch, see tactile sense 

Townsend, G. F., 172-173 

Trabutina, 419 

Trachymesopus, 30 

Trachymyrmex, 41 

Tragardh, I., 398-399, 407, 409 

trail sharing, 373-374 

trails, ant, 145, 211, 213, 218, 224-226, 249- 
258, 316-317, 365, 368, 370, 390, 454; cater- 
pillar, 130; honeybee, 246, 247, 261; melip- 
onine bee, 179, 260-261; termite, 213, 258- 
260; in social symbiosis, 373-374, 390-391, 
410-411 

training experiments, 197-198 
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Tranopelta, 140 

tranquilizing substances, see appeasement 
substances 

transfer learning, 217 

transition probabilities, behavior, 227-228 

transport, adult, 261-263; brood, 156, 312, 
331; chain, 161-162, 292-293; corpses, 278- 
279; trophobionts, 422-423 

transposition, orientation cues, 212 

Treat, A. E., 120 

treehoppers, see Jassidae; Membracidae 

trehalose, 207, 282 

trembling dance, 271 

Tretothorax, 397 

Tretzel, E., 120, 130, 133 

Trichatelura, 62, 393, 401 

trichomes, 390, 403-405, 413 

Trichoscelia, 394 

tridecane, 236-237 

tridecanone, 236-237 

Triglyphothrix, 30 

Trigona, 89-93, 177, 179, 260-261, 266, 275, 
311, 325, 330-331, 392, 395-396, 399, 423, 
430, 438 

Trinervitermes, 188, 195-196, 262, 439, 445 

triphasic allometry, 141-143 

Tritomidea, 397 

Trochoideus, 397 

Troctontus, 397, 408-409 

trogon, symbiosis, 389 

trophallaxis, 24, 64, 97, 98, 104, 122, 124, 129- 
130, 133, 165, 185, 190-192, 221, 234, 275, 
281-292, 298, 318, 322, 330-331, 334; anal, 
185, 190-192, 298; colony odor, 273-275; 
larvae, 165; males, 157, 285, 330-331; ovar- 
ian, 285; proctodeal, see anal; releasing sig- 
nal, 391; social symbiosis, 374-376, 390- 
391, 414-415; thermoregulation, 205, 282, 
308-309 

trophic egg, 45, 92-93, 122, 233, 277-278, 
279-281, 304, 321 

trophic parasitism, 373 

trophobiosis, 123-124, 278, 293, 390, 419-425 

trophogenesis, castes, 146, 147, 150-151, 153, 
154, 168-169, 171-174, 180-181 

trophophoric field, 1-2. See also territory 

trophorhinium, 285, 287 

trophothylax, 55, 285, 287 

trunk trails, 258 

Trutztypus, 409 

Trypoxylon, 331 

Tsuneki, K., 210, 448 

Tuberolachnus, 419 

Tucker, K. W., 326 

Tulloch, G. S., 138, 148 

Tumulitermes, 188, 241, 388 

Turner, A. J., 398 

Tylois, 405 

tympanum, 202 

Typhlomyrmecini, 32 


Uloboridae, 131 
Uloborus, 131 


Ulopella, 394 

Umwelt, 197, 209 

“uncle” care, 459 

undecane, 236-237, 240 

unicolonial populations, 457 

units, selection, 320-321. See also colony se- 
lection; fitness; group selection; kinship; 
sib selection 

Uralotermes, 106 

uric acid, 282 

Uropoda, 392 

Uropodidae, 392 

Usinger, R. L., 394 


Vachon, M., 120 

Vaillant, F., 397-399, 409 

Valentine, B. D., 395, 401 

Vecht, J. van der, 8, 9 

Velleius, 395 

Velthuis, H. H. V., 245-246 

ventilation of nests, ants, 47, 313; beetles, 
125; bumblebees, 89, 310; halictine bees, 
310; honeybees, 309; meliponine bees, 
310; termites, 104, 315-316; wasps, 310 

Verhoeff, K. W., 392 

Verlaine, L., 226 

vernalization, caste factor, 148-153 

Veromessor, 48, 214 

Verron, H., 244-245 

vertebrate societies, 458-460 

Vespa, 2, 24, 203, 228, 238, 280, 302, 310, 395, 
398, 447; austriaca, 19; crabro, 18, 378-379, 
386, 435; deusta, 2; dybowskii, 378-379, 
386; maculata, 18, 19; orientalis, 20, 283- 
284, 305, 426, 429, 434; vulgaris, 429; xan- 
thoptera, 378-379, 386 

Vespidae, 2, 8-24, 179-182, 231, 377-381, 429 

Vespinae, 8, 18-21, 180-182, 222, 272, 377- 
381, 397, 429, 443 

Vespoidea, 8-24; caste, 179-182; classifica- 
tion, 7; culturing methods, 9; origin of so- 
ciality, 21-26; sensory physiology, 215; so- 
cial symbiosis, 377-381 

Vespula, 18-21, 24, 180-182, 246, 280, 283- 
284, 291-292, 297, 302, 306-307, 333-334, 
377-379, 395-396, 431, 434-436, 442, 455 

Viana, M. J., 31 

Vianaida, 394 

Vianaididae, 394 

vibrating movement, communication, 250, 
271 i 

Vick, K. W., 237, 240 

Viehmeyer, H., 366, 370 

vision, ant, 209-211, 247; honeybee, 198-202 

visual communication, 247 

vitamins, 173; vitamin T, 154 

Vitex, 54 

Viticicola, 54 

Vittek, J., 174 

Vitula, 398 

vivacity, waggle dance, 269 

Vollenhovia, 437 

Volucella, 399 


Voss, Christiane, 210-211, 247 
Vosseler, J., 59 
Vowles, D. M., 211-212, 219-220, 222-223 


Waddington, C. H., 459 

Wadeura, 210 

waggle dance, 94, 98, 203, 208-209, 212, 219, 
234, 255-257, 261, 262-270, 309, 317, 460 

Wagner, W., 217 

Wahl, O., 208 

Wain, F. L., 168 

Walker, I., 303 

Wallis, D. I., 276, 290, 322 

Waloff, N., 298, 331-332, 449 

Walsh, C. T., 250 

Walters, F., 161, 293 

war, ant colonies, 451-452 

Warburg, O., 50 

Warder, J., 332 

warfare, 451-452 

Wärmerträgertätigkeit, thermoregulation, 
315 

Wasbauer, M. S., 72-73 

Wasmann, E., 53, 109, 241, 282, 320, 351, 353, 
364, 366, 370-372, 390, 395-397, 402-405, 
407, 409, 413-414, 416, 420 

Wasmannia, 47 

wasps, 7-26. See also Sphecoidea; Vespoidea 

water, perception, 206, 213-214; thermoregu- 
lation, 308-309; transport, 205, 308-309 

water strider, 212 

Watkins, J. F., 246, 257, 298, 389, 394 

Watler, Doreen, 245 

Watt, J. C., 397 

Watt, K. E. F., 426 

wax, function, 86, 89, 90-92, 175, 179, 204, 
224; odor, 206 

wax glands, 175, 179, 235 

Way, M. J., 27, 326, 420-421, 423, 451 

Weaver, N., 172-174, 245, 303 

Weaver, W., 255 

weaver ants, see Oecophylla 

Weber, N. A., 27, 28, 38, 42, 43, 44, 48, 49, 
148, 161, 355, 374, 394, 420, 437, 447 

Webster, F. M., 423 

Weesner, Frances M., 109, 190 

weevils, see Curculionidae 

Wehner, R., 201, 210-211 

Weidner, H., 109 

Weil, E., 120 

Weir, J. S., 150, 155, 156, 163-164, 277, 281 

Weismann, A., 147, 339 

Weiss, B. A., 217 

Weiss, K., 215, 217 

Wellenstein, G., 312, 420 

Wellington, W. G., 130 

Wells, P. H., 266-267 

Wendel, J., 330 

‘Wenner, A. M., 226, 266-267, 278 


Index 548 


Werringloer, Anneliese, 210 

Wesson, L. G., 136, 147-148, 249, 324, 327, 
353-354, 369-370 

Wesson, R. G., 136 

West, M. J., see Eberhard (Mary Jane West) 

Westhoff, V., 455 

Westhoff-De Joncheere, J. N., 455 

Westwood, J. O., 158 

Wetmore, A., 59 

Weyer, F., 289, 320 

Weygoldt, P., 120 

Weyrauch, W., 21, 120, 226, 283, 310, 378, 
381 

Wheeler, G. C., 33, 352 

Wheeler, Jeanette, 33, 352 

Wheeler, W. M., 2, 5, 12, 21, 31, 32, 34, 35-37, 
44, 49, 53, 55. 66, 74, 79, 85, 89, 90, 94, 
98-99, 120, 123-124, 136-139, 148, 151, 
158, 159, 171, 187, 222, 224, 231, 243, 278, 
281-282, 284-285, 287, 289, 317-319, 351, 
353-362, 364-368, 370-375, 377, 381, 388, 
390, 392-393, 395-399, 402-403, 407-410, 
413, 420-424, 437, 447, 451, 456 

Wheeleriella, 138, 354, 363 

Whelden, R. M., 284-285 

White, M. J. D., 326, 329 

white ants, see termites 

white soldier, 184 

Whiting, P. W., 148, 324 

Wilde, Jeremia, 48, 279 

Wildermuth, V. L., 436, 443 

Wilkinson, W., 185, 439 

Williams, C. B., 27 

Williams, Doris C., 119, 321-322 

Williams, E. C., 59 

Williams, F. X., 21, 24, 25, 35, 72, 99, 447 

Williams, G. C., 119, 321-322, 342 

Williams, R. M. C., 104, 185, 280, 430, 447 

Willinck, A., 8 

Willis, E. O., 58-59 

Willis, E. R., 120, 393-394 

Wilska, A., 203 

Wilson, E. O., 4n, 27, 28, 30, 31, 32, 33, 35, 
47, 65-68, 73-74, 137-146, 155-156, 159, 
162, 186, 212-214, 218, 221, 226, 233-240, 
243, 245-246, 247-250, 251-258, 262, 278- 
279, 281, 284-285, 290-291, 293-294, 298, 
311, 323, 327, 330-331, 338-348, 349, 354- 
356, 366, 369, 373, 375-376, 395, 401, 420, 
436-438, 442, 444, 447, 449-451, 454-457, 
459 

Wilson, H. F., 307-308 

Wing, M. W., 33, 356, 400, 420 

winkeltreue, orientation, 211 

Witt, A. A., 452 

Wolf, E., 202 

Wolf, H., 377 

Wolken, J. J., 210, 250 

wood ants, see Formica rufa 


woodpeckers, symbiosis, 389 

Woodruff, R. E., 123, 396 

work, see division of labor; ergonomics 

work castration, 300-301 

worker, definition, 138. See also caste; divi- 
sion of labor 

worker jelly, 173 

Wright, S., 119 

Wroughton, R. C., 351-357 

Wurthia, 398 

Wygodzinsky, P., 393 

Wykes, G. R., 207 

Wyman, J., 436 

Wynne-Edwards, V. C., 299, 342 


xenobiosis, 354-355, 357, 361, 371-373, 387 
Xenodusa, 414 

Xenometra, 355 
Xenomyrmex, 257 
Xenopteryx, 395 

Xenotermes, 397 

Xylaria, 118 

Xyleborini, 123, 125, 127-128 
Xyleborus, 125, 127-128, 329 
Xylocopinae, 327, 383-384 
xylo-mycetophagy, 128 
Xyloterini, 123 


Yamanaka, M., 333 

Yamauchi, K., 356 

Yarrow, I. H. H., 148, 153 

Yasuno, M., 367, 448-450 

yeasts, 127 

yellow jackets, 18-21 

yolk, caste factor, see blastogenesis 

Yoshikawa, K., 9, 12, 13, 24, 181, 232, 300, 
333, 379, 429, 443, 451 

Yucodesmus, 392 


Zahn, M., 314 

Zatapinoma, 143, 158, 348 

Zerrahn, Getrud, 201 

Zetek, J., 104 

Zethus, 24 

Ziaelus, 397 

zigzag flights, communication, 266 

Zikan, J. F., 9, 21, 378, 380-381 

Zimmermann, K., 9 

zoosemiotics, 235 

Zootermopsis, 108, 186, 190, 193-194, 215, 
229, 244, 258-260, 280, 316, 327, 395, 439, 
456 

Zuberi, H. A., 215 

Zucchi, R., 92, 170, 281, 284, 330, 332-333 

Zwehl, Vera von, 200 

Zwei-Vôlker-Versuche, 273-274 

Zwölfer, H., 421-422 

Zyras, 418 


Science / Biology 


The Insect Societies 
Edward O. Wilson 


“In comprehensiveness of scope and modernity of outlook The Insect Societies 
can truly be said to be unique. For many years to come it will surely constitute a 
bench mark for all those, professional and amateur alike, for whom the social 
insects offer one of the most compelling and fascinating pageants in all the world 
of nature. The book is likely to become a collector’s item.” —Caryl F. Haskins, 
The New York Times Book Review 


THE INSECT SOCIETIES has been hailed ty all as the worthy successor to 

W. M. Wheeler’s classic, The Social Insects. ““Wilson’s book, like Wheeler’s in its 
day, attempts to summarize and synthesize contemporary knowledge of the social 
insects. In 1928 this was an admirable accomplishment; today it is a truly 
gargantuan feat,” writes Natural History. “Wilson is one of the few people in the 
world both learned enough to write a modern, comprehensive book on the social 
insects and daring enough to undertake it singlehandedly.” 


THE INSECT SOCIETIES, a work of major importance for the development of 
environmental and behavioral biology, covers the classification, evolution, 
anatomy, physiology, and behavior of the higher social insects—ants, social 

wasps and bees, and termites. Mr. Wilson reinterprets the knowledge of these 
insects through the concepts of modern biology, from biochemistry to evolutionary 
theory and population ecology. 


“Wilson writes with personal warmth and flair in a tone of remarkable clarity 
and candor.”—Science / 


Edward O. Wilson is Professor of Zoology and Curator in Entomology at the 
Museum of Comparative Zoology, Harvard University. He is author of 
Sociobiology: The New Synthesis. 


The Insect Societies is also available in a cloth edition. 
ISBN 0-674-45495-2 


The Belknap Press of 
Harvard University Press 
Cambridge, Massachusetts 
and London, England 


